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Background Anatomical differences between human cervical and lumbar 
intervertebral discs suggest that evidence concerning lumbar disc mechanics may not be 
applicable to cervical discs. This possibility has not previously been investigated under 
controlled loading conditions. 
Methods Twenty-seven cadaveric cervical motion segments, consisting of two 
vertebrae and the intervening disc and ligaments, and aged 48-89 yrs, were subjected to 
static compressive loading of 200 N while positioned to simulate flexed, extended and 
neutral postures. "Stress" profiles were obtained by pulling a needle-mounted pressure 
transducer through the mid sagittal diameter of the disc. Stress profilometry was repeated 
after compressive creep (150 N for 2 h), and following bilateral surgical removal of the 
apophyseal joints, and uncovertebral joints. 
Results Cervical disc "stresses" varied inversely with end-plate area. At upper 
cervical levels, stresses were relatively high in the nucleus where they exhibited unusual 
antero-posterior gradients. At lower cervical levels, nucleus pressure fell, and stress peaks 
often were evident in the anterior annulus. 
Flexed and extended postures tended to concentrate maximum stresses in the 
anterior and posterior annulus respectively, although high stress peaks were not observed 
in the posterior annulus (in contrast to lumbar discs). 
Creep reduced specimen height by 9%, and was accurately modelled by a three 
parameter viscoelastic model. Changes in disc stress after creep were correlated to 
parameters calculated by the model. Creep reduced disc stresses (typically by 14% in the 
nucleus) and exaggerated the antero-posterior differences in flexed and extended postures, 
especially in older and more degenerated discs. 
Apophyseal joint removal increased overall disc loading by 14% in extension, and 
uncovertebral joint removal increased disc loading by 28%, 33% and 21% in flexion, 
neutral posture and extension respectively. 
Conclusions The internal mechanical functioning of cervical intervertebral discs 
differs substantially from lumbar discs. Cervical apophyseal and uncovertebral joints have 
a major, posture-dependent, load-bearing function following disc creep. 
ii 
Dedication: To my fiancde and family. 
Acknowledgements: I would like to thank the following people who 
contributed greatly to my Ph. D.: Dr Phill Pollintine who helped me with 
mechanical testing for several days, and shared data from three specimens 
included in Chapter 4; Dr Andrzej Przybyla who also helped with 
mechanical testing for several days, when we were together Ph. D. students; 
Ms Jeoung-Hee Kim for her wonderful support and patience, especially 
during the writing up period; and finally Dr Mike Adams, who is my 
supervisor, and Dr Trish Dolan for their patience, help, support during my 
Ph. D. course, and specially during writing up period. 
Thank you very very much! 
iii 
Declaration 
I declare that the work in this dissertation was carried out in accordance with the 
Regulations of the University of Bristol. The work is original, except where indicated by 
special reference in the text, and no part of the dissertation has been submitted for any 
other academic award. Any views expressed in the dissertation are those of the author. 
. -T) ............. DATE: SIGNED 
iv 
Table of contents 
Abstract .................................................................................................................. 
ii 




Table of contents ..................................................................................................... v 
List of figures ........................................................................................................ 
ix 
List of tables ......................................................................................................... xx 
List of abbreviations ........................................................................................... xxv 
Chapter 1. Introduction ........................................................................................... 
1 
1.1. The vertebral column and spinal curvature ................................................... 
1 
1.2. Cervical spine anatomy ................................................................................ 
2 
1.2.1. Cervical vertebrae .................................................................................. 
3 
1.2.2. Cervical intervertebral. discs ................................................................... 
Annulus fibrosus ......................................................................................... 
6 
Nucleus DUIDOSUS ........................................................................................ 
8 
Cartilage endplates ...................................................................................... 
8 
1.2.3. Uncovertebral region ............................................................................. 
9 
1.2.4. Apophyseal joints ................................................................................ 
10 
1.2.5. Ligaments ............................................................................................ 
11 
1.3. Ageing and degeneration of spine ............................................................... 
12 
1.3.1. Vertebrae ............................................................................................. 
12 
1.3.2. Intervertebral discs .............................................................................. 
13 
1.4. Mechanical functions of cervical intervertebral discs .................................. 14 
1.4.1. Range of movement: flexion, extension, lateral bending, and torsion.. 14 
1.4.2. Load-bearing by intervertebral discs .................................................... 16 
1.5. Neck pain and whiplash .............................................................................. 
18 
1.5.1. Neck pain ............................................................................................ 
18 
1.5.2. Mechanism of whiplash ....................................................................... 
19 
1.6. Internal mechanical properties of intervertebral discs: "stress profflometry" 
.................................................................................................................................. 
21 
1.7. Mechanical properties of cadaveric tissues ................................................. 25 
V 
1.8. Aims and objectives ................................................................................... 26 
Chapter 2. Distribution of compressive 'stress' inside cervical intervertebral disc s- 
neutral posture ............................................................................................................... 
28 
2.1. Introduction ................................................................................................ 
28 
2.2. Materials and methods ................................................................................ 
31 
2.2.1. Specimen preparation .......................................................................... 
31 
2.2.2. Materials testing machine .................................................................... 
32 
2.2.3. The needle-mounted transducer ........................................................... 
33 
2.2.4. Displacement of the needle transducer ................................................. 
33 
2.2.5. Amplifier ............................................................................................. 
33 
2.2.6. Pressure transducer calibration ............................................................. 
34 
2.2.7. Stress profilometry .............................................................................. 
34 
2.2.8. Stress profile analysis .......................................................................... 
35 
2.2.9. Statistical analysis ............................................................................... 
36 
2.2.10. Sectioning and grading of intervertebral discs .................................... 
38 
2.3. Results ....................................................................................................... 
39 
2.3.1. Validation of transducer output ............................................................ 
39 
2.3.2. Variation with spinal level ................................................................... 
41 
2.3.3. Gender differences ............................................................................... . 
46 
............................. 2.3.4. Disc degeneration ................................................... 
47 
2.3.5. Aging .................................................................................................. 
50 
2.3.6. Multiple regression .............................................................................. 
53 
2.3.7. Interactions between level, gender, degeneration, and age .................... 54 
2.4. Discussion and conclusions ........................................................................ 
60 
Chapter 3. Effect of posture on the distribution of compressive 'stress' ins ide 
cervical intervertebral discs ............................................................................................ 
63 
3.1. Introduction ................................................................................................ 
63 
3.2. Materials and methods ................................................................................ 
64 
3.2.1. Specimen preparation .......................................................................... 
64 
3.2.2. Stress profilometry .............................................................................. 
64 
3.2.3. Statistical analysis ............................................................................... 
65 
3.3. Results ....................................................................................................... 
66 
3.3.1. Posture and spinal level ....................................................................... 
68 
vi 
3.3.2. Gender differences ............................................................................... 73 
3.3.3. Disc degeneration ................................................................................ 75 
3.3.4. Aging .................................................................................................. 79 
3.3.5. Multiple regression .............................................................................. 81 
3.3.6. Interactions between posture, level, gender, degeneration, and age ...... 83 
3.4. Discussion and conclusions ........................................................................ 86 
Chapter 4. Compressive creep model of cervical intervertebral discs ..................... 88 
4.1. Introduction ................................................................................................ 88 
4.2. Materials and methods .............................................................................. .. 90 
4.2.1. Specimen preparation ........................................................................ .. 90 
4.2.2. Measurement setup ............................................................................ .. 91 
4.2.3. Loading conditions ............................................................................ .. 91 
4.2.4. Evaluation of model parameters and material properties .................... .. 91 
4.2.5. Statistical analysis ............................................................................. .. 92 
4.3. Results ..................................................................................................... .. 92 
4.3.1. Model fit ............................................................................................ .. 
92 
4.3.2. Variation with spinal level ................................................................. .. 
93 
4.3.3. Gender differences ............................................................................. .. 
96 
4.3.4. Disc degeneration .............................................................................. .. 97 
4.3.5. Aging .................................................................................................. 99 
4.3.6. Multiple regression ............................................................................ 
101 
4.3.7. Interactions between level, gender, degeneration, and age .................. 102 
4.3.8. Creep duration ................................................................................... 102 
4.4. Discussion and conclusions ...................................................................... 104 
Chapter 5. Effect of sustained loading on distribution of compressive 'stress' inside 
cervical intervertebral discs .......................................................................................... 108 
5.1. Introduction .............................................................................................. 108 
5.2. Materials and methods .............................................................................. 109 
5.2.1. Specimen preparation ........................................................................ 109 
5.2.2. Measurement setup ............................................................................ 109 
5.2.3. Stress profilometry ............................................................................ 109 
5.2.4. Stress profile comparison ................................................................... 110 
5.2.5. Statistical analysis ............................................................................. 110 
vii 
5.3. Results ..................................................................................................... 110 
5.3.1. Comparisons before and after creep loading ....................................... 110 
5.3.2. Comparisons between creep parameters and changes in stress profiles 
............................................................................................................................. 
113 
5.3.3. Influence of posture on stress distributions after creep ....................... 115 
5.3.4. Variation with spinal level ................................................................. 115 
5.3.5. Gender differences ............................................................................. 
120 
5.3.6. Disc degeneration .............................................................................. 
121 
5.3.7. Aging ................................................................................................ 
128 
5.3.8. Multiple regression ............................................................................ 
132 
5.3.9. Interactions between the effects of level, gender, degeneration, and age 
............................................................................................................................ 
133 
5.4. Discussion and conclusions ...................................................................... 
145 
Chapter 6. Load sharing in the cervical spine ...................................................... 148 
6.1. Introduction .............................................................................................. 
148 
6.2. Materials and methods .............................................................................. 
150 
6.2.1. Specimen preparation ........................................................................ 
150 
6.2.2. Measurement setup ............................................................................ 
152 
6.2.3. Stress profilometry ............................................................................ 
152 
6.2.4. Evaluation of forces ........................................................................... 
153 
6.2.5. Statistical analysis ............................................................................. 
153 
6.3. Results ..................................................................................................... 
154 
6.3.1. Apophyseal joints .............................................................................. 154 
6.3.2. Uncus ................................................................................................ 
156 
6.3.3. Individual stress profiles .................................................................... 
159 
6.3.4. Load sharing in the M79, C7T I specimen ......................................... 161 
6.4. Discussion and conclusions ...................................................................... 163 
Chapter 7. Summary and conclusions .................................................................. 166 
7.1. Introduction .............................................................................................. 
166 
7.2. Summary of main findings ....................................................................... 166 
7.3. Interpretation of results ............................................................................. 168 
7.4. Suggestions for future work ...................................................................... 171 
Chapter 8. References ......................................................................................... 172 
viii 
List of figures 
Figure 1.1 The vertebral column (adapted from Adams et al. 2002) .................................. 2 
Figure 1.2 The cervical spine (adapted from Adams ct al. 2002) ....................................... 3 
Figure 1.3 Variations in cervical vertebrae (top view). LEFT: Typical (fourth) cervical 
vertebra (C4); RIGHT: Seventh cervical vertebra (M) (adapted from Snell 1995) 4 
Figure 1.4 Lumbar intervertebral disc - note that in a lumbar disc the annulus fibrosus 
(AT7 completely surrounds the nucleus pulposus (NP). Compare with Figure 1.5..... 5 'J" 
) 
Figure 1.5 Cervical intervertebral disc with surrounding tissues (top view): ALL - 
anterior longitudinal ligament and its alar fibers (aaf); PLL - posterior longitudinal 
ligament and its alar fibers (pao; pf - periosteofascial tissue; AA - anterior annulus; 
PA - posterior annulus; NP - nucleus pulposus; fc - fibrocartilaginous layer; u- 
uncovertebral region (adapted from Mercer and Bogduk 1999) . ............................... 5 
Figure 1.6 Layers of the anterior annulus fibrosus: A) transitional fibres; B) superficial 
fibres; Q deeper fibres; D) the fibrocartilaginous core of the disc (Mercer and 
Bogduk 1999) ........................................................................................................... 7 
Figure 1.7 The fibres of the posterior amulus fibrosus (Mercer and Bogduk 1999) . ......... 7 
Figure 1.8 LEFT: Uncovcrtcbral clefts penetrating medially through the fibrocartilaginous 
core (Mercer and Bogduk 1999); RIGHT: Photograph of coronal. section through the 
uncovertebral region of specimen F64 C23 ............................................................... 9 
Figure 1.9 A tracing of a view along planes of apophyseal joints of the upper cervical 
spine, showing the unique morphology of C2 (grey). Apophyseal joints at lower 
levels are orientated transversely whereas at C23 they are inclined medially (adapted 
from Bogduk and Mercer 2000) .............................................................................. 10 
Figure 1.10 Lateral (left) and axial (right) views of a motion segment from the lower 
cervical spine. Important anatomic structures: A) anterior longitudinal ligament; B) 
anterior annulus and disc; Q posterior disc and annulus; D) posterior longitudinal 
ligament; E) facet capsules; F) apophyseal joints; G) ligamenturn flavurn; H) 
interspinous ligament (Ghanayern et al. 1998) . ....................................................... II 
Figure 1.11 Range of movements of the cervical spine: LEFT: movements in the sagittal 
plane; RIGHT: movements in the coronal plane, i. e. lateral bending (Kapandji 1974). 
............................................................................................................................... 15 
ix 
Figure 1.12 Intervertebral disc behaviour under different loading conditions (small black 
arrows indicate the expansion of nucleus, white arrows indicate tension in annulus): 
LEFT: compression; RIGHT: forward bending (white arrows indicate where the 
annulus is in tension) (Kapandji 1974) .................................................................... 17 
Figure 1.13 The magnitude and sequence of accelerations of the target car, driver's 
shoulders, and head following a rear-end collision. (Positive accelerations are in the 
forward direction. ) (Bogduk and Yoganandan 2001) . ............................................. 20 
Figure 1.14 In simulated cadaveric whiplash injury (rear-end), the cervical spine forms an 
S-shape curvature after 50-75 ms. During this phase, the lower cervical spine shows 
hyper-extension, which can exceed physiological limits (Panjabi et al. 1998) ......... 20 
Figure 1.15 Diagram of sensor element (McNally et al. 1992b) ...................................... 21 
Figure 1.16 Diagram of the pressure-sensitive needle transducer (McNally et al. 1992b). 
............................................................................................................................... 
22 
Figure 1.17 The output of the needle transducer at a single location in the annulus 
fibrosus of a lumbar disc is linearly related to applied load (McMillan et al. 1996b). 
............................................................................................................................... 
22 
Figure 1.18 Vertical 'stress' measured at any location within a lumbar intervertebral disc 
is proportional to applied compressive load (Pollintine et al. 2004b) ....................... 23 
Figure 1.19 In lumbar discs, stress profiles repeated immediately were very similar. 
Specimen M70 L45, neutral posture, vertical compressive stresses (McMillan et 
al. 1996b) . .............................................................................................................. 
23 
Figure 1.20 Vertical and horizontal compressive stress profiles from confined specimen 
of annulus fibrosus (Chu 2005). Note that vertical and horizontal stress components 
of confined specimens are approximately equal around the borders, unlike the 
profiles in Figure 2.1 and Figure 5.1 ....................................................................... 24 
Figure 1.21 Vertical stress profiles from the anterior annulus and nucleus of a lumbar disc 
recorded with different size transducers, mounted in needles of different diameters. 
Specimen M40 L23,6" flexion (McMillan et at. 1996b) . ........................................ 25 
Figure 2.1 Lumbar stress profiles: LEFT: for a slightly-degenerated (grade 2) disc 
M40 L23; RIGHT: for a severely degenerated (grade 4) disc F82 L45 (adapted from 
Adams et al. 1996b) . .............................................................................................. 29 
Figure 2.2 Linear relationship between pressure in the centre of the cervical intervertebral 
discs and applied compressive force (Cripton et al. 2001) ....................................... 30 
x 
Figure 2.3 Vertical stress profile for cervical intervertebral disc (Wigfield et al. 2001) ... 30 
Figure 2.4 Specimen F77 C45 during mounting. The lower vertebra is secured in dental 
stone. The upper vertebra is about to be mounted in stone with the aid of screws in 
the surfaces of the apophyseal joints, and a hook in the spinous process . ................ 32 
Figure 2.5 Dartec loading frame and Zwick Roell controller . ........................................ 32 
Figure 2.6 The 0.9 mm. needle pressure transducer: a) without sealing, b) with sealing... 33 
Figure 2.7 a) The needle-mounted pressure transducer mounted in the mobile part of 
pulling device, b) both are connected to the amplifier ............................................. 34 
Figure 2.8 The apparatus used to apply compressive loading to a motion segment .......... 36 
Figure 2.9 Analysis of stress profiles: TOP: central regions of both stress profiles were 
fitted with a six-degree polynomial (r2 values indicating goodness of fit). MIDDLE: 
absolute percentage difference (ABS%) between vertical and horizontal components 
as compared to a 5% cut off, and adjusted nucleus boundary. BOTTOM: regional 
dimensions PA, NP, AA (H and V for horizontal and vertical) and disc width used 
for percentage calculations. Also nucleus stress gradient (SG) is indicated . ............ 37 
Figure 2.10 Non-degenerated disc (grade 1) - some blood stains on disc appeared after 
defrosting and were a consequence of sectioning .................................................... 
38 
Figure 2.11 Two severely degenerated discs (grade 4): TOP: this disc had just sufficient 
height for use with the stress profilometry technique; BOTTOM: this disc is 
narrowed and was used only for the creep experiment described in Chapter 4 ......... 39 
Figure 2.12 Vertical 'stress profiles' (neutral posture) for a moderately degenerated disc, 
indicating the location of where nucleus pressure was taken for correlation (Figure 
2.8) ......................................................................................................................... 
40 
Figure 2.13 Vertical nucleus pressure taken from eight specimens showed excellent 
correlation with applied load - average values (SEM) . ........................................... 40 
Figure 2.14 Example of vertical stress profiles (neutral posture) showing excellent 
reproducibility - profile was repeated immediately ................................................. 41 
Figure 2.15 Vertical and horizontal stress profiles (neutral posture) from a moderately 
degenerated disc with division into three distinct functional regions. The stress 
gradient in the nucleus is also indicated . ................................................................. 41 
Figure 2.16 Nucleus pressure (vertical) decreased with increasing end-plate area ........... 42 
Figure 2.17 Nucleus stress gradient (vertical) decreased with increasing posterior annulus 
maximum stress ...................................................................................................... 
42 
xi 
Figure 2.18 Width of the three functional regions (derived from vertical stress profiles) 
along the cervical spine - average values (SEM) . ................................................... 43 
Figure 2.19 Vertical stresses in the three functional regions - average values (SEM). .... 45 
Figure 2.20 Vertical and horizontal stress profiles (neutral posture) for a non-degenerated 
disc, showing large vertical stresses in the anterior annulus . ................................... 45 
Figure 2.21 Vertical and horizontal stress profiles (neutral posture) for a moderately 
degenerated disc . .................................................................................................... 47 
Figure 2.22 Reduction of nucleus width (vertical) with increasing disc degeneration ...... 48 
Figure 2.23 Increase of anterior annulus width (horizontal) with increasing disc 
degeneration ........................................................................................................... 
48 
Figure 2.24 Vertical and horizontal stress profiles (neutral posture) for non-degenerated 
disc . ....................................................................................................................... 
49 
Figure 2.25 Vertical and horizontal stress profiles (neutral posture) for moderately 
degenerated disc . .................................................................................................... 50 
Figure 2.26 Vertical and horizontal stress profiles (neutral posture) for severely 
degenerated disc . .................................................................................................... 50 
Figure 2.27 Age-related differences in vertical stress functional regions - average values 
(SEM) . ................................................................................................................... 
51 
Figure 2.28 Stress profiles (neutral posture) for a typical disc from the 'older' group..... 52 
Figure 2.29 Stress profiles (neutral posture) for an 'older' disc showing a large functional 
nucleus (between dashed lines) and low stresses, compared to a younger disc of 
similar size (Figure 2.2 1) ........................................................................................ 52 
Figure 2.30 Width of the anterior annulus (vertical profile) depended on cervical level and 
gender - average values corrected for age (SEM) . .................................................. 55 
Figure 2.31 Anterior annulus vertical stresses depended on grade of disc degeneration and 
cervical level - average values corrected for age (SEM) . ........................................ 56 
Figure 2.32 Anterior annulus vertical stresses depended on gender and disc degeneration 
- average values corrected for age (SEM) ............................................................... 56 
Figure 2.33 Anterior annulus vertical stresses depended variably on grade of disc 
degeneration and cervical level for female (TOP) and male (BOTTOM) specimens - 
average values corrected for age (SEM) . ................................................................ 57 
Figure 2.34 Width of the anterior annulus (horizontal profiles) depended on gender and 
grade of disc degeneration - average values corrected for age (SEM) ..................... 59 
xii 
Figure 2.35 Nucleus horizontal pressure depended on gender and grade of disc 
degeneration - average values corrected for age (SEM) .......................................... 59 
Figure 3.1 Changing the height of support bars in the rear rollers enabled the specimen to 
be positioned in extension (upper cup - solid line) or flexion (upper cup - dashed 
line) (for full description see Figure 2.8) ................................................................. 65 
Figure 3.2 Effect of posture on vertical stress profiles in a moderately degenerated disc. 66 
Figure 3.3 Width of disc region depended on posture - vertical stresses, average values 
(SEM) . ................................................................................................................... 67 
Figure 3.4 Changes of vertical stress in disc functional regions according to posture - 
average values (SEM) . ........................................................................................... 68 
Figure 3.5 Distributions of vertical stress in flexion for each spinal level - average values 
(SEM) . ................................................................................................................... 69 
Figure 3.6 Distribution of vertical stresses in extension for each spinal level - average 
values (SEM) . ........................................................................................................ 70 
Figure 3.7 Effect of posture on vertical components of moderately degenerated disc ...... 72 
Figure 3.8 Gender differences in vertical stress distribution, in flexion - average values 
(SEM) . ................................................................................................................... 73 
Figure 3.9 Gender differences in vertical stress distribution, in extension - average values 
(SEM) . ................................................................................................................... 74 
Figure 3.10 Effect of posture on (vertical) stress profiles in a non-degenerated disc . ...... 77 
Figure 3.11 Effect of posture on (vertical) stress profiles in a moderately degenerated 
disc . ....................................................................................................................... 77 
Figure 3.12 Effect of posture (vertical) stress profiles in a degenerated disc . .................. 78 
Figure 3.13 Effect of posture (vertical) stress profiles in a severely degenerated disc. Note 
the generally low stresses . ...................................................................................... 78 
Figure 3.14 Age differences in vertical stress distributions in flexion - average values 
(SEM) . ................................................................................................................... 79 
Figure 3.15 Age differences in vertical stress distributions in Extension - average values 
(SEM) . ................................................................................................................... 80 
Figure 3.16 Effect of posture on vertical stress profiles in a non-degenerated disc .......... 80 
Figure 3.17 Posterior annulus vertical stresses depended variably on posture and cervical 
level for female (TOP) and male (BOTTOM) specimens - average values corrected 
for age (SEM) . ....................................................................................................... 84 
xiii 
Figure 3.18 Nucleus vertical pressure depended on gender and disc degeneration - 
average values corrected for age (SEM) . ................................................................ 85 
Figure 4.1 Schematic representation of three-parameter viscoelastic model (Keller et 
al. 1987) ................................................................................................................. 89 
Figure 4.2 Typical creep curve recorded during the experiment ...................................... 93 
Figure 4.3 A comparison of experimental data with the prediction of the three-parameter 
model. The enlarged part of the graph shows overestimated initial strain ................ 93 
Figure 4.4 Distribution of material properties within the cervical spine - average values 
(SEM) . ................................................................................................................... 94 
Figure 4.5 Distribution of viscosity within the cervical spine - average values (SEM) .... 95 
Figure 4.6 Distribution of stiffness ratio within the cervical spine - average values (SEM). 
........................................................................ ...................................................... 95 
Figure 4.7 Distribution of creep rate within the cervical spine - average values (SEM).. 96 
Figure 4.8 Gender comparison for Young's moduli and viscosity - average values (SEM). 
............................................................................................................................... 96 
Figure 4.9 Gender comparison for stiffness ratio (E2/El) and creep rate (El/il I) - average 
values (SEM) . ........................................................................................................ 
97 
Figure 4.10 Influence of disc degenerations on material properties - average values 
(SEM) . ................................................................................................................... 
98 
Figure 4.11 Influence of disc degeneration on stiffness ratio (E2/El) and creep rate (El/ill) 
- average values (SEM) .......................................................................................... 98 
Figure 4.12 Young's moduli and viscosity for two age groups - average values (SEM). 99 
Figure 4.13 Stiffness ratio (E2/Ej) and creep rate for two age groups (El/ill) - average 
values (SEM) . ...................................................................................................... 100 
Figure 4.14 Variation in viscous modulus El with age .................................................. 100 
Figure 4.15 Age dependence of elastic modulus E2 . ..................................................... 101 
Figure 4.16 Influence of creep duration on Young's moduli and viscosity - average 
values (SEM) . ...................................................................................................... 103 
Figure 4.17 Influence of creep duration on stiffness ratio (E2/E, ) and creep rate (El/ill) - 
average values (SEM) . ......................................................................................... 104 
Figure 5.1 Stress profiles for lumbar motion segment before (A) and after (B) 3 hrs creep 
loading (Adams et al. 1996a) ................................................................................ 109 
xiv 
Figure 5.2 Distributions of vertical compressive stress in a moderately degenerated disc 
after creep (AC). Dots indicate distance from where nucleus pressure was taken for 
correlation with applied load . ............................................................................... Ill 
Figure 5.3 Vertical nucleus pressure (measured as in Figure 5.2) taken from eight 
specimens before (BQ and after (AC) creep showed excellent correlation with 
applied load - average values (SEM) .................................................................... 111 
Figure 5.4 Distributions of vertical and horizontal compressive stress in a moderately 
degenerated disc in neutral posture after creep (AC) showing no apparent functional 
nucleus ................................................................................................................. 112 
Figure 5.5 Distributions of vertical and horizontal compressive stress in a non- 
degenerated disc in neutral posture after creep (AC) showing a functional nucleus 
(between dashed lines) . ........................................................................................ 112 
Figure 5.6 Effect of creep loading on disc stresses in three functional regions, in neutral 
posture - average values (SEM) . .......................................................................... 113 
Figure 5.7 Percentage nucleus (NP) pressure loss after creep was strongly correlated with 
creep rate as calculated by the three-parameter model ........................................... 114 
Figure 5.8 Distribution of vertical compressive stress according to posture after creep - 
average values (SEM) . ......................................................................................... 115 
Figure 5.9 Distributions of vertical stress for each spinal level, after creep (AC) in neutral 
posture - average values (SEM). Equivalent before creep (BQ results are shown in 
Figure 2.19 ........................................................................................................... 116 
Figure 5.10 Reductions in vertical disc stresses following creep (AC) for each spinal level 
in neutral posture - average values (SEM) ............................................................ 117 
Figure 5.11 Distributions of stress for each spinal level, after creep (AC) in flexion - 
average values (SEM). Equivalent before creep (BC) results are shown in Figure 3.5. 
............................................................................................................................. 118 
Figure 5.12 Reductions in vertical disc stresses following creep (AC) for each spinal level 
in flexion - aver-age values (SEM) ........................................................................ 118 
Figure 5.13 Distributions of stress for each spinal level, after creep (AC) in extension - 
average values (SEM). Equivalent before creep (BC) results are shown in Figure 3.6. 
............................................................................................................................. 119 
xv 
Figure 5.14 Reductions in vertical disc stresses following creep (AC) for each spinal level 
in extension - average values (SEM). Compare with reductions found in flexion 
(Figure 5.12) . ....................................................................................................... 120 
Figure 5.15 Distributions of stress after creep (AC) according to gender in neutral posture 
- average values (SEM) ........................................................................................ 121 
Figure 5.16 Reductions in vertical disc stresses following creep (AC) grouped according 
to gender in neutral posture - average values (SEM) . ........................................... 121 
Figure 5.17 Distributions of stress for each grade of disc degeneration after creep (AC) in 
neutral posture - average values (SEM) ................................................................ 122 
Figure 5.18 Reductions in vertical disc stresses following creep (AC) for each grade of 
disc degeneration in neutral posture - average values (SEM) ................................ 123 
Figure 5.19 Distributions of vertical stress for each grade of disc degeneration, after creep 
(AC) in flexion - average values (SEM) ............................................................... 124 
Figure 5.20 Reductions in vertical disc stresses following creep (AC) fore each grade of 
disc degeneration in flexion - average values (SEM) ............................................ 124 
Figure 5.21 Distributions of vertical stress for each grade of disc degeneration, after creep 
(AC) in extension - average values (SEM) . .......................................................... 125 
Figure 5.22 Reductions in vertical disc stresses following creep (AC) for each grade of 
disc degeneration in extension - average values (SEM) ........................................ 126 
Figure 5.23 Effect of posture on distribution of vertical compressive stress in a non- 
degenerated disc after creep (AC). Non-degenerated discs distribute load evenly 
even after creep . ................................................................................................... 
126 
Figure 5.24 Effect of posture on the distribution of vertical compressive stress in a 
moderately degenerated disc after creep (AC). Note the anterior stress concentration 
in flexion (+5") ..................................................................................................... 
127 
Figure 5.25 Effect of posture on the distribution of vertical compressive stress in a 
degenerated disc after creep (AC). Note that extension (-4.5") greatly reduces stress 
in the entire anterior half of the disc . .................................................................... 127 
Figure 5.26 Effect of posture on the distribution of vertical compressive stress in a 
severely degenerated disc after creep (AC). Note that in such discs, flexion and 
extension concentrate loading on the anterior and posterior regions respectively. . 128 
xvi 
Figure 5.27 Distributions of vertical stress for 'younger' and 'older' discs after creep 
(AC) in neutral posture - average values (SEM). Equivalent before creep (BQ 
results are shown in Figure 2.27 . .......................................................................... 129 
Figure 5.28 Reductions in vertical disc stresses following creep (AC) for 'younger' and 
'older' discs in neutral posture - average values (SEM) ........................................ 129 
Figure 5.29 Distributions of vertical stress for 'younger' and 'older' discs after creep 
(AC) in flexion - average values (SEM). Equivalent before creep (BQ results are 
shown in Figure 3.17 ............................................................................................ 130 
Figure 5.30 Reductions in vertical disc stresses following creep (AC) for 'younger' and 
'older' discs in flexion - average values (SEM) .................................................... 131 
Figure 5.31 Distributions of vertical stress for 'younger' and 'older' discs after creep 
(AC) in extension - average values (SEM). Equivalent before creep (BC) results are 
shown in Figure 3.18 ............................................................................................ 131 
Figure 5.32 Reductions in vertical disc stresses following creep (AC) for 'younger' and 
'older' discs in extension - average values (SEM) ................................................ 132 
Figure 5.33 Vertical stress gradient depended on creep and level- neutral posture, average 
values corrected for age (SEM) . ........................................................................... 134 
Figure 5.34 Vertical stress gradient depended on creep and degeneration- neutral posture, 
average values corrected for age (SEM) . .............................................................. 135 
Figure 5.35 Vertical stress gradient depended on creep and level, differently for female 
(TOP) and male (BOTTOM) specimens - neutral posture, average values corrected 
for age (SEM) . ..................................................................................................... 136 
Figure 5.36 Vertical nucleus pressure depended on creep and spinal level - flexion, 
average values corrected for age (SEM) . .............................................................. 137 
Figure 5.37 Vertical nucleus pressure depended on creep and cervical level - extension, 
average values corrected for age (SEM) . .............................................................. 139 
Figure 5.38 Vertical nucleus pressure depended on creep and degeneration - extension, 
average values corrected for age (SEM) . .............................................................. 139 
Figure 5.39 Vertical nucleus pressure depended on creep and level, differently for female 
(TOP) and male (BOTTOM) specimens - extension, average values corrected for 
age (SEM) ............................................................................................................ 140 
Figure 5.40 Vertical nucleus pressure depended on creep and degeneration across cervical 
spine - extension, average values corrected for age (SEM) ................................... 141 
xvii 
Figure 5.41 Vertical nucleus pressure depended on creep and degeneration, differently for 
female (TOP) and male (BOTTOM) specimens - extension, average values 
corrected for age (SEM) . ...................................................................................... 142 
Figure 5.42 Vertical nucleus pressure creep x degeneration x gender x level interaction, 
for two selected spinal levels - extension, average values corrected for age .......... 143 
Figure 5.43 Vertical stress gradient dependent on disc degeneration - extension, average 
values corrected for age (SEM) . ........................................................................... 144 
Figure 5.44 Vertical stress gradient dependent on level and gender - extension, average 
values corrected for age (SEM) . ........................................................................... 145 
Figure 6.1 Illustration of the method used to calculate compressive force acting on the 
disc from stress profiles (Pollintine et al. 2004b) .................................................. 149 
Figure 6.2 Tools used for sequential cutting of motion segments .................................. 151 
Figure 6.3 View of superior endplate of C5 vertebra (M67): TOP: dashed lines indicate 
surfaces after cutting the apophyseal joints (pink) and uncus (green); BOTTOM: 
pieces of uncus, cut during the experiment, put together with the vertebra after 
testing . ................................................................................................................. 
151 
Figure 6.4 Example of an oblique x-ray (computer processed) of an intact C45 specimen 
(M77), used for assessment before the uncus was cut (red dashed line indicates line 
of cutting) ............................................................................................................. 
152 
Figure 6.5 Percentage load transmitted through the disc according to posture for 
successive treatments - average values (SEM), n=16. The remaining load was 
assumed to be resisted by the neural arch .............................................................. 154 
Figure 6.6 Percentage of disc load-bearing by the anterior half (AP) and posterior part 
(PP) according to posture, following successive treatments - average values (SEM). 
............................................................................................................................. 156 
Figure 6.7 Percentage of disc load-bearing by the anterior half (AP) of the disc according 
to posture, for successive treatments - average values (SEM), n--8. The rest was 
resisted by the posterior half ................................................................................ 159 
Figure 6.8 Influence of treatments on vertical stress profiles in neutral posture for a 
moderately degenerated disc (grade 2) .................................................................. 159 
Figure 6.9 Influence of treatments on vertical stress profiles in neutral posture for a 
degenerated disc (grade 3) .................................................................................... 160 
xviii 
Figure 6.10 Influence of treatments on vertical stress profiles in flexion. Compare with 
profiles for the same disc in Neutral posture (Figure 6.9) and Extension (Figure 
6.11) ..................................................................................................................... 160 
Figure 6.11 Influence of treatments on vertical stress profiles in extension ................... 161 
Figure 6.12 Influence of treatments on vertical stress profiles in neutral posture for a 
degenerated disc (grade 3) .................................................................................... 
162 
Figure 6.13 Influence of treatments on vertical stress profiles in flexion. Compare with 
profiles for the same disc in Neutral posture (Figure 6.12) and Extension (Figure 
6.14) ..................................................................................................................... 
162 
Figure 6.14 Influence of treatments on vertical stress profiles in extension ................... 163 
xix 
List of tables 
Table 1.1 Comparison of flexion-extension range of motion for different cervical levels, 
reported by various authors (Dvomk et al. 1988, Reitma et al. 2004) . ..................... 15 
Table 1.2 Comparison of flexion-extension, lateral bending, and axial rotation for each 
cervical spinal level (White and Panjabi 1978) . ...................................................... 16 
Table 2.1 Width of disc functional regions (derived from stress profiles) for each cervical 
level - average values (SEM) ................................................................................. 43 
Table 2.2 Stresses from vertical stress profiles for each cervical level - average values 
(SEM) .................................................................................................................... 44 
Table 2.3 Stresses from horizontal stress profiles for each cervical level - average values 
(SEM) .................................................................................................................... 44 
Table 2.4 Width of three disc regions grouped according to gender - average values 
(SEM) . ................................................................................................................... 46 
Table 2.5 Stresses recorded from vertical profiles grouped according to gender- average 
values (SEM) . ........................................................................................................ 46 
Table 2.6 Stresses recorded from horizontal profiles grouped according to gender - 
average values (SEM) ............................................................................................ 46 
Table 2.7 Size of functional disc regions grouped for disc degeneration - average values 
(SEM) . ................................................................................................................... 
47 
Table 2.8 Vertical stresses grouped for disc degeneration - average values (SEM) ......... 49 
Table 2.9 Horizontal stresses grouped for disc degeneration - average values (SEM) ..... 49 
Table 2.10 Size of functional disc regions grouped according to age - average values 
(SEM) .................................................................................................................... 51 
Table 2.11 Stresses in vertical stress proriles grouped according to age - average values 
(SEM) . ................................................................................................................... 51 
Table 2.12 Stresses in horizontal stress profiles grouped according to age - average 
values (SEM) . ........................................................................................................ 
51 
Table 2.13 Multiple regression coefficients for vertical stress prorilcs ............................ 53 
Table 2.14 Multiple regression cocfficients for horizontal stress profiles ........................ 53 
Table 2.15 Significance table of factorial ANOVA with age as covariate, for vertical 
stress profiles (bold: p<0.05, underlined: p<0.1) ..................................................... 
54 
xx 
Table 2.16 Significance table of factorial ANOVA with age as covariate, for horizontal 
stress profiles (significant effect bold, trend p<O. I underlined) ............................... 58 
Table 3.1 Range of flexion-extension motion in the cervical spine for each disc level 
(White and Panjabi 1978) . ...................................................................................... 63 
Table 3.2 Percentage differences in the width of disc functional regions in flexed and 
extended postures. Positive values indicate increased width .................................... 66 
Table 3.3 Percentage differences in vertical stress in flexed and extended postures in 
comparison to neutral posture. Positive values indicate increased stress .................. 67 
Table 3.4 Vertical stresses in flexion grouped for spinal level - average values (SEM). . 69 
Table 3.5 Horizontal stresses in flexion grouped for spinal level - average values (SEM). 
............................................................................................................................... 
69 
Table 3.6 Vertical stresses in extension, grouped for each spinal level - average values 
(SEM) .................................................................................................................... 70 
Table 3.7 Horizontal stresses in extension, grouped for each spinal level - average values 
(SEM) .................................................................................................................... 70 
Table 3.8 Percentage differences in (vertical) stress distributions for different postures, 
grouped for each cervical level . .............................................................................. 72 
Table 3.9 Vertical stresses in flexion, grouped according to gender - average values 
(SEM) . ................................................................................................................... 73 
Table 3.10 Horizontal stresses in flexion, grouped according to gender - average values 
(SEM) . ................................................................................................................... 
73 
Table 3.11 Vertical stresses in extension, grouped according to gender - average values 
(SEM) .................................................................................................................... 74 
Table 3.12 1 lorizontal stresses in extension, grouped according to gender - average values 
(SEM) . ................................................................................................................... 74 
Table 3.13 Percentage differences in (vertical) stress distribution for different postures, 
grouped according to gender ................................................................................... 75 
Table 3.14 Vertical stresses in flexion grouped for disc degeneration - average values 
(SEM) . ................................................................................................................... 
75 
Table 3.15 Horizontal stresses in flexion grouped for disc degeneration - average values 
(SEM) . ................................................................................................................... 75 
Table 3.16 Vertical stresses in extension grouped for disc degeneration - average values 
(SEM) . ................................................................................................................... 76 
xxi 
Table 3.17 Horizontal stresses in extension grouped for disc degeneration - average 
values (SEM) . ........................................................................................................ 76 
Table 3.18 Percentage differences in (vertical) stress distributions for different postures 
grouped for disc degeneration ................................................................................. 76 
Table 3.19 Vertical stresses in flexion, grouped according to age - average values (SEM). 
............................................................................................................................... 79 
Table 3.20 Vertical stresses in extension, grouped according to age - average values 
(SEM) . ................................................................................................................... 80 
Table 3.21 Percentage differences in (vertical) stress distributions for different postures 
grouped according to age ........................................................................................ 81 
Table 3.22 Multiple regression coefficients for vertical stress profiles in flexion . ........... 81 
Table 3.23 Multiple regression coefficients for horizontal stress profiles in flexion . ....... 81 
Table 3.24 Multiple regression coefficients for vertical stress profiles in extension . ....... 82 
Table 3.25 Multiple regession coefficients for horizontal stress profiles in extension. ... 82 
Table 3.26 Significance table of between-subject effects of mixed design ANOVA, for 
vertical stress profiles (bold: p<0.05, underlined: p<O. 1) . ....................................... 85 
Table 3.27 Significance table of between-subject effects of mixed design ANOVA, for 
horizontal stress profiles (bold: p<0.05, underlined: p<0.1) . ................................... 86 
Table 4.1 Material properties predicted by the thrce-paramcter model presented according 
to spinal level - average values (SEM) . .................................................................. 94 
Table 4.2 Material properties predicted by the threc-parameter model presented according 
to gender - average values (SEM) . ......................................................................... 97 
Table 4.3 Material properties for disc degeneration predicted by model - average values 
(SEM) .................................................................................................................... 98 
Table 4.4 Material parameters predicted by the thrcc-paramctcr model presented 
according to age - average values (SEM) . .............................................................. 99 
Table 4.5 Multiple regression cociTicients for material parametcrs . .............................. 101 
Table 4.6 Significance table of factorial ANOVA with age as covariate, for material 
parameters (bold: p<0.05, trend underlined: p<0.1) . ............................................. 102 
Table 4.7 Material properties predicted by the three-parameter model for different creep 
duration. Data for 6 specimcns - avcrage valucs (SEM) . ...................................... 103 
Table 4.8 Percentage differences between material parameters evaluated for diffcrcnt 
creep duration in comparison to 2 hours creep -6 specimens . .............................. 
104 
xxii 
Table 4.9 Comparison of experimental creep data with previous studies ....................... 107 
Table 5.1 Distributions of vertical stress afler creep, in neutral posture for each cervical 
level - average values (SEM) . .............................................................................. 116 
Table 5.2 Distributions of vertical stress after creep in flexion for each cervical level - 
average values (SEM) . ......................................................................................... 117 
Table 5.3 Distributions of vertical stress after creep in extension for each cervical level - 
average values (SEM) . ......................................................................................... 119 
Table 5.4 Distributions of vertical stress after creep, in neutral posture, grouped according 
to gender - average values (SEM) . ....................................................................... 120 
Table 5.5 Distributions of vertical stress after creep, in neutral posture, grouped according 
to disc degeneration - average values (SEM) ........................................................ 122 
Table 5.6 Distributions of vertical stress after creep (AC) in flexion grouped according to 
disc degeneration - average values (SEM) ............................................................ 123 
Table 5.7 Distributions of vertical stress after creep in extension, grouped according to 
disc degeneration - average values (SEM) ............................................................ 125 
Table 5.8 Distributions of vertical stress after creep in neutral posture, grouped according 
to age - average values (SEM) . ............................................................................ 128 
Table 5.9 Distributions of vertical stress after creep in flexion, grouped according to age - 
average values (SEM) . ......................................................................................... 130 
Table 5.10 Distributions of vertical stress aflcr creep in extension, grouped according to 
age - average values (SEM) . ................................................................................ 131 
Table 5.11 Multiple regression coefficients for vertical stress profiles in neutral posture. 
............................................................................................................................. 132 
Table 5.12 Multiple regression coeflicicnts for vertical stress profiles in flexion . ......... 133 
Table 5.13 Multiple regression coefficients for vertical Stress profiles in extension . ..... 133 
Table 5.14 Significance table of between-subject effects of mixed design ANOVA, for 
vertical stress profiles in neutral posture (bold: p<0.05, underlined: p<0.1) ........... 137 
Table 5.15 Significance table of between-subject effects of mixed design ANOVA, for 
vertical stress profiles in flexion (bold: p<0.05, underlined: p<0.1) ....................... 138 
Table 5.16 Significance table of betwccn-subject cffects of mixed design ANOVA, for 
vertical stress profiles in extension (bold: p<0.05, underlined: p<0.1) ................... 144 
Table 6.1 Load transmitted through the disc after sequential treatments, for different 
posturcs - average percentage values (SEM) . ....................................................... 154 
xxiii 
Table 6.2 Load sharing between anterior (AP) and posterior (PP) halves of the disc for 
different postures - average percentage values (SEM) .......................................... 155 
Table 6.3 Load transmitted through the disc after sequential treatment for different 
postures - average percentage values (SEM) . ....................................................... 157 
Table 6.4 Load sharing between anterior (AP) and posterior (PP) halves of the disc after 
successive treatments - average percentage values (SEM) .................................... 158 
xxiv 
List of abbreviations 
AA anterior annulus 
aaf alar fibres of anterior longitudinal ligament 
ABS% absolute percentage difference 
AC after creep test 
AF annulus fibrosus 
AJ after resection of the apophyseal joints 
ALL anterior longitudinal ligament 
ANOVA analysis of variance 
Ant. anterior 
AP anterior half of the disc 
BC before creep test 
Be beryllium 




9 gram, acceleration of gravity 
GPa giga Pascal 
if horizontal 
h(rs) hour(s) 
kN kilo Newton 
L lumbar vertebra 
LCC lower cervical spine 








NP nucleus pulposus 
02 dioxide 
PA posterior annulus 
paf alar fibres of posterior longitudinal ligament 
pf periosteofascial tissue 
PLL posterior longitudinal ligament 
Post. posterior 
Pp posterior half of the disc 
S second 
SEM standard error of the mean 
SG stress gradient 
Si silicon 
so suboccipital column 
T thoracic vertebra 
u uncovertebral region 
UN after resection of the uncus 
V volt, vertical 




Chapter 1. Introduction 
Chapter 1. Introduction 
1.1. The vertebral column and spinal curvature 
Ile human vertebral column (or spine) is composed of 33 vertebrae. It can be 
divided into four distinct regions: cervical (containing 7 vertebrae), thoracic 
(12 vertebrae), lumbar (5 vertebrae), sacral (5 vertebrae fused into one), and coccygeal 
(4 vertebrae fused into one). In adults, therefore, there are only 26 distinctive segments 
(Figure 1.1). 
With the exception of the first two cervical vertebrae, the remaining presacral 
vertebrae are joined by intervertebral discs, ligaments, and apophyseal joints. The shape 
of vertebrae varies with region, and their size increases from cranial to caudal, according 
to rising loads. Paravertebral muscles create movements of the vertebral column, and 
provide stability in static postures. 
The spinal column has a characteristic S-shaped sagittal curvature. In the foetus, the 
spine has a continuous C-shaped curvature which is concave anteriorly. It has primary 
thoracic and sacral curvatures. Muscle development causes the early appearance of 
secondary cervical and lumbar curvatures. After birth, when the child is able to raise its 
head, the cervical secondary curvature becomes concave posteriorly. Around one year 
after birth when the child is able to stand upright, the lumbar secondary curvature 
becomes concave posteriorly. 
As a result of these developments, the adult spine in the sagittal plane shows 
regional curves in the upright standing position (Figure 1.1). The cervical curvature is 
termed a "lordosis", extending from the atlas (CI) to the second thoracic vertebra (T2), 
with maximum curvature occurring between fourth (C4) and fifth (C5) cervical vertebrae. 
However, in the neutral posture, a straightened or slightly concave anteriorly (kyphotic) 
cervical spine may occur normally (Fineman et al. 1963). Tlie thoracic curvature is 
termed a "kyphosis", extending from the second thoracic vertebra (72) to the twelfth 
(T12) thoracic vertebra, with its maximum curvature occurring between the sixth (T6) and 
ninth (T9) thoracic vertebrae. The lumbar curvature is also called a lordosis, and extends 
from the twelfth thoracic vertebra (T12) to the first sacrum vertebra (SI) reaching its 
maximum at the third lumbar vertebra (W). Lumbar curvature is greater in females, 
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especially during pregnancy. The last spinal curvature is the sacral curvature, which is 
concave anteriorly, and it comprises the sacrum. and coccygeal vertebrae. 
Basic functions fulfilled by the human spine are: protecting the spinal cord and 
nerve roots, supporting body organs, allowing mobility, load-bearing, and transmitting 


























Figure 1.1 The vertebral column (adapted from Adams et al. 2002). 
1.2. Cervical spine anatomy 
The cervical spine can be divided into two functional parts (Figure 1.2): 
upper cervical spine (1) containing the atlas (first cervical vertebra -C 1) 
joined to the axis (second cervical vertebra - C2). This complex has no 
intervertebral discs to connect adjacent bones; 
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9 the lower cervical spine (2) extending from the inferior part of the axis (C2) 
to the superior part of the first thoracic vertebra (TI). Each of the vertebral 











Figure 1.2 The cervical spine (adapted from Adams et al. 2002). 
0 
This project deals with the lower cervical spine only (from C2 to TI), and 
especially the basic functional anatomical unit, consisting of two adjacent vertebrae, the 
intervertebral disc, ligaments and apophyseal joints. In what follows, such "motion 
segments" from levels C23 and C34 will be called upper cervical levels, motion segments 
from levels C45 and C56 will be called middle cervical levels, and motion segments from 
levels C67 and CM will be called lower cervical levels. 
LZI. Cervical vertebrae 
The "typical" cervical vertebra is shown in (Figure 1.3 LEFT). It has a small, 
relatively broad vertebral body from side to side. The transverse process is located on the 
lateral part of the vertebral body, and has a transverse foramen (hole). The pedicles 
project postero-laterally, and the longer lamina projects postero-medially, ending with a 
3 
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short bifid spinous process. The vertebral foramen is large and triangular. The superior 
articular processes have articulating surfaces (facets) that face backwards and upwards. 
The antero-posterior and lateral dimensions of cervical vertebrae are larger for 
males than for females (Francis 1955). Vertebral body area increases from C2 in the 
caudal direction (Panj abi et al. 199 1). 
Both sides of the postero-lateral aspect of the upper surface of vertebral bodies (C3 
and below) have a bony projection or "uncus" which forms an uncovertebral I oinf 'with 
the superior vertebra. The uncus gives a saddle-shaped appearance to the superior surface 
of the vertebral body. The uncus of C3 has the largest antero-posterior diameter, covering 
the whole lateral border except its most anterior border (Penning 1988, Panjabi et 
al. 1991). This diameter decreases down the cervical spine, and at the first thoracic 
vertebra (TI) the uncus occupies only the most posterior part (McMinn et al. 1995, 
Penning 1988). 
The spinous processes of vertebrae from C2 to C6 are "bifid", or forked. At C7 
(Figure 1.3 RIGHT) and below, spinous processes end in a single tubercle (as in vertebrae 
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Figure 1.3 Variations in cervical vertebrae (top view). LEFT: Typical (fourth) cervical vertebra (C4); 
RIGHT: Seventh cervical vertebra (C7) (adapted from Snell 1995). 
LIZ Cervical intervertebral discs 
Intervertebral discs consist of a peripheral part called the annulus fibrosus, and a 
central part called the nucleus pulposus. There are anatomical differences between lumbar 
intervertebral, discs (Figure 1.4) and cervical intervertebral discs (Figure 1.5). The annulus 
fibrosus of cervical discs does not cover the postero-lateral part of disc (Figure 1.5). 
4 
anterior tubercle vertebral body 




Figure 1.4 Lumbar intervertebral disc - note that in a lumbar disc the annulus fibrosus (AF) completely 
surrounds the nucleus pulposus (NP). Compare with Figure 1.5. 
U PLL PA paf 
Figure 1.5 Cervical intervertebral disc with surrounding tissues (top view): ALL - anterior longitudinal 
ligament and its alar fibers (aao; PLL - posterior longitudinal ligament and its alar fibers (paf); pf - 
periosteofascial tissue; AA - anterior annulus; PA - posterior annulus; NP - nucleus pulposus; fc - 
fibrocartilaginous layer; u- uncovertebral region (adapted from Mercer and Bogduk 1999). 
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Annulusfibrosus 
The annulus fibrosus is a structure consisting of sheets of collagen fibre bundles. It 
surrounds the nucleus pulposus (the soft fibrocartilaginous centre of a disc) and anchors 
the disc to adjacent vertebral bodies. 
The biochemistry of the cervical annulus fibrosus has not been investigated. In the 
lumbar spine, annulus fibrosus composition changes gradually from the outer annulus 
towards the nucleus pulposus. Outer annulus consists of water (5 0%), proteoglycans (10% 
of dry weight), and collagen (up to 70% of dry weight) (Adams et al. 2002). The 
proportion of collagen Type I (usually found in tensile structures) is highest in the outer 
annulus, whereas the proportion of collagen Type Il (found in compressive structures) 
rises in the inner annulus. 
The anterior aspect of the annulus fibrosus is a thin layer (Figure 1.6. A) of collagen 
fibres that is transitional between the deepest fibres of the anterior longitudinal ligament 
and the most superficial oblique fibres of the annulus (Mercer and Bogduk 1999). 
In the second layer the fibres of the annulus fibrosus (Figure 1.6.13) take origin from 
the superior surface of the lower vertebra (Mercer and Bogduk 1999). The most lateral 
fibres arise from the top and anterior surface of the uncus and pass upward and medially 
to the inferior surface of the vertebral body above. Progressively, more medial fibres arise 
from the upper surface of the vertebral body and pass upward and medially into the 
vertebra above. Toward the centre of the annulus, these fibres interweave with 
corresponding fibres of the opposite side. These fibres interweave distinctly and tightly 
without passing one another into adjacent lamellae. The average tilt of annulus fibres with 
respect to the (vertical) axis of the spine is 65' (Pooni et al. 1986). 
The fibres in successive layers of the anterior annulus (Figure 1.6. C) repeat the 
interweaving pattern. Deeper fibres are restricted to attachments closer to the centre, 
which gives the crescent-like appearance of the annulus when viewed from above 
(Mercer and Bogduk 1999). 
A further 2 to 3 mm from the surface of the anterior annulus into the disc, collagen 
fibres are embedded in what is assumed to be proteoglycan, forming a homogenous 
fibrocartilaginous mass which has a pearly appearance, and the consistency of soap 
(Mercer and Bogduk 1999, Figure IAD). The mass consists of lamellae in which the 
dominant component is a proteoglycan matrix. Deeper into cervical discs, the 
6 
Chapter 1. Introduction 
fibrocartilage becomes more homogenous and less laminated. It forms the nucleus 
pulposus of the disc. 
D 
Figure 1.6 Layers of the anterior annulus fibrosus: A) transitional fibres; B) superficial fibres; Q deeper 
fibres; D) the fibrocartilaginous core of the disc (Mercer and Bogduk 1999). 




Figure 1.7 The fibres of the posterior annulus f ibrosus. (Mercer and Bogduk 1999). 
The posterior annulus fibrosus (Figure 1.7) differs in the size and orientation of 
collagen fibres from the anterior annulus (Figure 1-6). The posterior annulus extends 
between the uncinate processes (uncus) on each side (Mercer and Bogduk 1999). It 
consists of one set of vertically-orientated collagen. fibres that are attached to opposing 
vertebral bodies. It is not more than I mm. thick. 
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At the anterior margins of the uncus, the fibrocartilaginous core is covered by the 
deep fibres of the anterior annulus (Mercer and Bogduk 1999). The posterior annulus 
covers only the middle part of the fibrocartilaginous core. At the postero-lateral margins 
of the uncus, no annulus fibres cover the core, but only the periosteofascial tissue (Figure 
1.5). 
Nucleuspulposus 
There are no reports on biochemistry of the cervical nucleus pulposus. 
It consists of a mass of semi-fluid matrix and water, confined by the surrounding 
annulus described above. It contains a few cartilage cells, and some irregularly-arranged 
collagen fibres, dispersed in a medium of semi-fluid ground substance. 
In lumbar discs the biochemistry of the matrix differs between nucleus and annulus. 
The nucleus has a much higher proteoglycan content (50% of dry weight), which alters 
the hydration capabilities of the tissue (Adams et al. 2002). The nucleus is more hydrated 
than the annulus, with water comprising a substantial (70-85%) amount of total volume. 
Type Il collagen is highest in the nucleus (less then 20% of dry weight). Conversely the 
amount of Type I collagen is very low. 
When compressive load is applied to an intervertebral disc, the nucleus expands and 
causes the annulus and adjacent endplates to bulge (Brinckmann and Grootenboer 1991). 
Compressive loading causes water to be expelled slowly from the nucleus into the 
annulus and vertebral body. This happens over the course of each day. When load is 
released (during sleep), the water returns to the disc, drawn in by its osmotic pressure. 
In cervical discs, the nucleus pulposus at birth constitutes no more than 25% of the 
entire disc (Mercer and Bogduk 1999), compared to 50% in lumbar discs. With 
progressive aging, the nucleus undergoes fibrosis so that eventually, barely any nuclear 
material remains distinguishable (Oda et al. 1988). 
Cartilage endplates 
The cartilage endplates are located on the superior and inferior boundaries, between 
the disc and vertebral bodies. They cover most of the vertebral bodies apart from a 
peripheral margin, into which the outer annulus fibres attach directly. 
Cartilage endplates are composed of a mixture of hyaline cartilage next to the 
vertebral body, and fibrocartilage next to the disc. The matrix of hyaline cartilage 
comprises. water approximately 70% (Adams et al. 2002), collagen (75% of dry weight), 
8 
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and proteoglycan (20% of dry weight). The attachment of the annulus to the end plates 
causes the latter to be strongly bound to the intervertebral disc, but weakly attached to the 
vertebral bodies. This is the main reason why cartilage endplates are regarded as a 
continuation of the intervertebral disc rather than a part of the vertebral bodies 
(Bogduk 1997). 
1.23. Uncovertebral region 
This is the most mysterious part of the cervical spine, Since Luschka (in 1858) first 
described "uncovertebral joints" of the cervical spine (apart from uncovertebral joints, 
their other name is the joints of Luschka) researchers have been divided on this subject. 
One group maintains they are synovial joints (Boreadis and Gershon-Cohen 1956, 
Compere et al. 1959, Hayashi and Yabuki 1985), and the opposite group claims that they 
are not joints at all, but degenerative phenomena (Payn and Spillane et al. 1957, Orofino 
et al. 1960, Hirsh et al. 1967). 
In the uncovertebral region, clefts extend into the fibrocartilaginous core (Figure 
1.8). Clefts are covered by periosteofascial tissue (Mercer and Bogduk 1999 and penetrate 
into the fibrocartilaginous core to different extents. In younger specimen, clefts extend 
only partially, whereas in older specimens the clefts transect the posterior two thirds of 
the disc, occasionally leaving an isolated posterior central plug of fibrocartilage deep to 
the posterior annulus. They are present at level C23 to C67 (Hayashi and Yabuki 1985). 
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Figure 1.8 LEFT: Uncovertebral clefts penetrating medially through the fibrocartilaginous core (Mercer 
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Hirsh et al. (1967) investigated the uncovertebral re. gion. I hc\ found that fissures 
and clefts into surrounding tissue form a real cavity, simulatmg a jollit. But the 
surrounding tissue shows evident degenerative alterations, "Ith Increased hasophilia of 
the fibres, and metaplasia. In this manner a true Joint spiwe can be simulitted, but the 
alterations are secondary to the fissures. No real synovial membrane was observed. 
LZ4. Apophysealjoints 
The apophyseal joints are plane synovial joints. Articular of ad . 
jacent 
vertebrae are jointed by articular capsules, which are attached to the niar. gins ofarticular 
surfaces. A layer of hyaline cartilage covers each articular surface. In the ccrvical spine 
the apophyseal joint capsules are longest and loosest. 
The apophyseal joints are orientated in the coronal plane and tilted "0" to 60' lip 
from the horizontal plane. They resist some cornprcssi\e loading. depending on the 
position of the spine (Ghanayern et al. 1998). 
The apophyseal joints of the C23 level have an atypical orientation (Bogduk and 




Figure 1.9 A tracing of a view along planes of apophyseal joints of the upper cervical spinc, showing the 
unique morphology of C2 (grey). Apophyseal joints at lower levels are orientated transversely whereas at 
C23 they are inclined medially (adapted from Bogduk and Mercer 2000). 
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I. Z5. Ligaments 
Ligaments of the cervical spine bind the vertebrae together, and in association with 
paravertebral muscles provide stability for the cervical spine. 
Figure 1.10 Lateral (left) and axial (right) views of a motion segment from the lower cervical spine. 
Important anatomic structures: A) anterior longitudinal ligament; B) anterior annulus and disc; Q posterior 
disc and annulus; D) posterior longitudinal ligament; E) face capsules; F) apophyseal joints; G) 
ligamentum flavurn; H) interspinous ligament (Ghanayern et al. 1998). 
The anterior longitudinal ligament (Figure 1.10) of the cervical spine consists of 
four layers, distinguished by their patterns of attachment to anterior surfaces of the 
vertebral bodies (Mercer and Bogduk 1999). The first, superficial layer comprises 
longitudinal fibres that cross several segments and are attached to the central areas of the 
anterior surfaces of the vertebral bodies. The fibres of the second, intermediate layer also 
are longitudinal. However they are distinctly shorter than the previous fibres. They cover 
one intervertebral disc and are attached to the anterior surfaces of the adjacent vertebral 
bodies up to half way. The third (deep) layer consists of even shorter longitudinal fibres 
that span one disc but attach just cranial or caudal to the inferior or superior margins of 
the adjacent vertebral bodies. The fourth layer consists of fibres with an alar position. 
These are attached to the margins of adjacent vertebral bodies. The most lateral fibres 
reach the top of the uncus. 
The posterior longitudinal ligament covers the entire posterior part of each cervical 
vertebral body and comprises three distinct layers (Mercer and Bogduk 1999). The 
superficial layer consists itself of two layers - central, longitudinally-directed fibres that 
span a variable number of vertebrae, and lateral extensions that sweep out from the 
central part to cross the intervertebral disc and attach to the base of the pedicle, one or 
11 
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two segments below. The intermediate layer consists of longitudinal fibres that connect to 
only one intervertebral disc. The deep layer consists of short fibres that are attached to the 
margins of the adjacent intervertebral disc. 
The lipamcntum flavurn connects larninac in the vertebral canal of adjacent 
vertebrae. Its attachment extends from the apophyseal joint capsules to the spinous 
process junction. It is a short, but thick, ligament. This ligament is very stretchy because 
of its high elastin content. It counteracts separation of the laminae in flexion and it 
participates in straightening of the spine. 
Ile interspinous ligament joins the spinous processes of adjacent vertebrae. It 
meets the supraspinous ligament behind and the ligamentum flavum in front. This 
ligament is poorly developed in the cervical spine. 
The. sul2rasl2inous ligament connects the tips of the spinous processes from C7 down 
to the sacrum. In the cervical spine from C7 towards upper levels, it is expanded as the 
nuchae ligament. 
The nuchal ligament is attached to the medial aspects of the bifid spinous processes 
of cervical vertebrae. This ligament appears to be designed to prevent excessive spinal 
flexion. 
1.3. Ageing and degeneration of spine 
1.3.1. Vertebrae 
The vertebrae (and bone in general) deteriorate with age, and vertebral deformity is 
the primary cause of decreased spinal length in the elderly (Twomey and Taylor 1987). It 
is caused by a loss of cortical bone from the vertebral shell and, to a greater extent, by the 
thinning and loss of trabeculae from the cancellous bone of the vertebral body. Bone loss 
(osteoporosis) is caused by systemic factors such as declining activity levels and reduced 
levels of certain hormones. The process can be minimized, to a certain extent, by 
performing exercises which encourage adaptation to mechanical loading, and which 
increase or at least maintain bone volume. However, osteoporosis can lead to vertebral 
failure during normal life activities, or in minor trauma (Rao and Singrakhia 2003). This 
problem is particularly severe in women, when hormonal changes after the menopause 
play an important role. 
In the cervical spine, thinning of the vertebral endplate and decrease of bone quality 
can cause mechanical failure (Truumees et al. 2003). They found that vertebral bodies 
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with intact endplates tend to fracture at higher loads than those which are weakened. 
Reduced bone quality was another predictive factor for end-plate failure. 
Pollintinc et al. (2004a) found that severe disc degeneration can be a local cause of 
osteporotic vertebral body fractures in elderly thoraco-lumbar spines. They found that 
during normal erect postures, severe disc degeneration causes 40% load transfer to the 
neural arch, stress-shielding the vertebral body. In flexion, however, the neural arches 
separate and the vertebral bodies are then severely loaded. 
The problem of osteoporotic vertebral fracture is currently being tackled by 
surgeons using cement augmentation of fractured (or vulnerable) vertebrae, with or 
without restoration of its original height (Rao and Singrakhia 2003). These techniques are 
called kyphoplasty and vertebroplasty respectively. 
1.3. Z Intervertebral discs 
Aging and degeneration of intervertebral discs are closely related and show many 
similarities. Aging primarily affects the nucleus pulposus, leading to decreasing 
proteoglycan content (Urban and McMullin 1988) and consequently to water loss, which 
makes the transportation of metabolites to the centre of the avascular disc more difficult. 
The annulus is less affected by age, but due to increased cross-linking of collagen, 
thickening of individual fibres and larnellae occurs. Disc height does not decrease with 
normal aging (Twomey and Taylor 1987). Severe disc degeneration can occur at any time 
in life but is more common in older age groups. It involves changing chemical 
composition, disrupted structure, and altered metabolism in the disc. Severe degeneration 
in lumbar discs leads to narrowing of the disc space, and consequently to increased 
loading of the apophyseal joints and neural arch in general (Pollintine et al. 2004b). Disc 
degeneration is largely due to genetic inheritance (around 70%) but mechanical influences 
and age-related weakening are also very important. 
Relatively little is known about aging and degeneration of cervical intervertebral 
discs. Aging of the cervical nucleus involves the disappearance of notochordal cells in the 
middle teens, and replacement by adult-type chondrocytes, which produce a nucleus 
pulposus composed of fibrocartilage and fibre components (Oda et al. 1988). This process 
may be induced by the cartilage endplates and could involve some blocking of metabolite 
transport into the nucleus. Degenerative changes in cervical discs can start as early as in 
the twenties (Hirsch et al. 1967, Oda et al. 1988). Calcification within the cartilaginous 
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endplate can start without apparent disc degeneration (Oda et al. 1988) and invasion of 
blood vessels into the calcified endplate from the vertebral body leads to increased bone 
formation. This process becomes more pronounced with age, and consequently can lead 
to the obliteration of the disc space (Oda et al. 1988). Another sign of degeneration 
affecting human cervical intervertebral discs is the appearance of radial posterior clefts 
and fissures penetrating from the nucleus to the posterior longitudinal ligament, causing 
hypervasculation of the radial fissures (Hirsch et al. 1967). Consequences of cervical disc 
degeneration include increased vascularity, narrowing, osteophyte formation around the 
margins of the vertebral body, and narrowing of the intervertebral foramen area leading to 
nerve root compression (Sohn et al. 2004). Osteophytes are presumably formed in order 
to restore stability. One of the explanations of why osteophyte formation should follow 
disc degeneration in the cervical spine is that adaptive remodelling follows increased 
stresses on the anterior region of the vertebral body cortex (Kumaresan et al. 200 1). 
1.4. Mechanical functions of cervical intervertebral discs 
1.4.1. Range of movement: flexion, extension, lateral bending, and torsion 
In comparison to other spinal regions, the cervical spine has the greatest mobility in 
all directions, i. e. flexion, extension, lateral bending and torsion. The total range of 
movement in sagittal plane flexion-extension of the whole cervical spine (WQ is 130" 
(Figure 1.11 LEFT), and the lower cervical spine (LCQ (excluding the movement 
between suboccipital column (SO) which is 20-30') accounts for 100-110' 
(Kapandji 1974). In the coronal plane, the total range of lateral bending on each side is 
approximately 45 " (Figure 1.11 RIGHT), and the atlanto-occipital part itself accounts for 
P. In the horizontal plane the total range of axial rotation of the cervical spine is 80-90' 
on each side, with the suboccipital part accounting for 24'. Recently it was found that the 
flexion-extension range of movement is greater in females than in males -IIP and 103' 
respectively (Wolfenberger et al. 2002). They also found that the sagittal range of 
movement decreases with age, being greater in people in their 20's than in those older 
than 40 yrs (113 * and 10 1' respectively). 
High flexibility of the cervical spine is due to the percentage of intervertebral disc 
height to the total length of cervical spine, which is about 40%. In thoracic and lumbar 
regions, these values are 20% and 30% respectively (Kapandji 1974). 
14 
Chapter 1. Introduction 
The range of movement between individual cervical vertebrae was studied in-vivo 
from radiographs. Dvorak et al. (1988) found that the biggest angles were at levels C45, 
C56, and C67, and the smallest at C23 (Table 1.1). Results obtained during passive 
flexion and extension were larger than during active movement, but the pattern was the 
same. Reitman et al. (2004) found the biggest angles were at levels C34, C45, and C56, 
and the smallest at C23 (Table 1.1). 
White and Panjabi (1978) summarised ranges of spinal movement from data 
available in the literature. Three directions were considered: flexion-extension, lateral 
bending, and axial rotation, and movements were reported for the lower cervical spine 
including level CM (Table 1.2). For flexion-extension, the biggest angles were at levels 
C56 and C67, and the smallest at levels C23 and CM. 
Figure 1.11 Range of movements of the cervical spine: LEFT: movements in the sagittal plane; RIGHT: 
movements in the coronal plane, i. e. lateral bending (Kapandji 1974). 
Table 1.1 Comparison of flexion-extension range of motion for different cervical levels, reported by 
various authors (Dvorak et al. 1988, Reitma et al. 2004). 
Dvorak et al. 1988 Reitman et al. 2004 
Passive Acti ve Act ive 
Level Range Mean Range Mean Range I'll Mean IcIl 
C23 9-14 12 8-13 10 3-17 10 
C34 14-21 17 12-18 15 9-21 15 
C45 18-24 21 16-23 19 10-17 17 
C56 20-27 23 17-24 20 7-24 16 
C67 17-25 21 15-22 19 3-24 14 
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Table 1.2 Comparison of flexion-extension, lateral bending, and axial rotation for each cervical spinal level 
(White and Panjabi 1978). 
Flexion-Extension Lateral bending Rota tion 
Level Range Mean Range ["I Mean Range Mean 
C23 5-23 8 11-20 10 6-28 9 
C34 7-38 13 9-15 11 10-28 11 
C45 8-39 12 0-16 11 10-26 12 
C56 4-34 17 0-16 8 8-34 10 
C67 1-29 16 0-17 17 6-15 9 
CM 4-17 9 0-17 1 4 5-13 8 
There is great variability in flexion-extension angles reported by different 
researchers, and probably they are influenced by the method of measurement and by 
individual biological variations (such as age). However there is also some consistency: 
most show that the greatest mobility in the cervical spine occurs between levels C34 to 
C67. 
Lateral bending in the cervical spine is always accompanied by axial rotation (and 
vice versa), which is a consequence of the oblique orientation of cervical apophyseal 
joints, and the presence of the uncus (Penning and Wilmink 1987, Moroney et al. 1988, 
Milne 1991). 
1.4. Z Load-hearing by intervertebral discs 
Most experimental data concerns lumbar discs, and it is widely assumed (without 
proof) that cervical discs behave in a similar manner. The (lumbar) nucleus pulposus 
behaves like a sac of fluid, which may be deformed but its volume cannot be compressed 
unless water is slowly expelled from it, for example during creep. When a compressive 
load is applied, the nucleus attempts to deform in all directions (Figure 1.12 LEFT). On 
the other hand, it is constrained radially by the annulus fibrous, and superiorly and 
inferiorly by the endplates. The annulus fibrosus and nucleus pulposus constitute a 
functional unit very well adapted to transmit compressive forces. The mechanism depends 
on the integrity of each component. 
However if the nucleus extrudes from the disc, the height of the disc decreases and 
radial disc bulging increases approximately in proportion to the mass of the removed 
tissue. And at the same time, intradiscal pressure decreases (Brinckmann and Grootenboer 
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1991 ). In that study, removal of') g ot'nucleus lowered the intradiscal pressure to 40% of 
its initial value. 
Figure 1.12 Intervertebral disc behaviour under different loading conditions (sinall black arrows indicate 
the expansion of nuc I eus, white arrows indicate tension in an nu I us): LEFT: cornpressi on; R IG IIT: forward 
bending (white arrows indicate where the annulus is in tension) (Kapand. ii 1974). 
However, when creep or dynamic compression was applied only to the annulus 
(after dissection of the nucleus) the annulus showed near-normal (intact) behaviour, 
indicating that the annulus is the major structure determining the disc's compressive 
properties (Markolf et al. 1974). 
At low loads and low loading rates, the I'Lilly hydrated disc provides little resistance 
to compression (Race et al. 2000). With more severe loading and at higher loading rates 
the disc becomes stiffer. but from a certain loading rate stiff'riess of tile disc docs not 
increase further (Race et al. 2000). In that study, stiffiness of' the disc did not diff'er tor 
compressive loading rates of 90,900, and 9000 N/s 
When a constant load is applied to a disc, the loss of height is not linear (McMillan 
et al. 1996a). The decrease in disc height and volume is related to the measured loss of' 
water frorn the disc (McMillan et al. 1996a), and even though the disc undergoes 
macroscopic compression, the fibres of' the lamellae are loaded in tension (Cassidy et 
al. 1990a). 
When lumbar intervertebral discs undcrgoc flexion, the nucleus pulposus migrates 
posteriorly, and the outer posterior annulus is stretched (Figure 1.12 R IG I IT) (Fennel et 
al. 1996). The opposite Is true for extension. 
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1.5. Neck pain and whiplash 
1.5.1. Neckpain 
Neck-related problems occur widely in modem society. In the general Norwegian 
population, the one year prevalence of neck pain in adults was 34.4%, and 13.8% of 
respondents had neck pain lasting for more then 6 months (Bovim et al. 1994). In a group 
of Saskatchewan (Canadian) adults, prevalence of 6 months neck pain was as high as 54%, 
and around 5% were highly disabled by neck pain (Cote et al. 2000). Neck pain can be 
mild or intense, transient or chronic, and it can cause disability. it includes several 
conditions, but roughly it can be divided into two general groups: neck pain which is 
non-traumatic, and neck pain which is trauma-related. 
Several risk factors can trigger non-traumatic neck pain. These are related to gender, 
age, health, and work. Work-related neck pain can be attributed to neck flexion, arm force, 
arm posture, duration of sitting, twisting or bending of the trunk, hand-arm vibration, and 
workplace design (Ariens et al. 2000). Sitting at work for 95% of the working time, and 
working with the neck at a minimum of 20 degrees of flexion for more than 70% of the 
working time, are risk factors for non-traumatic neck pain (Ariens et al. 2001). 
Neck pain is related to gender and is more common in women (Croft et al. 2001) 
Makela et al. (199 1) reported that chronic neck syndrome, in Finns aged 30 yrs; and over, 
was diagnosed in 9.5% of the men and 13.5% of the women. 
Genetic factors, including structural disc degeneration and an inherited tendency 
towards distress in women, have an influence on back and neck pain (MacGregor et al. 
2004). Genetic factors for neck pain do not play an important role in people 70 yrs of age 
and over (Hartvigsen et al. 2005). Although back pain and neck pain are common 
symptoms in such people, they are associated with general poor physical health and are 
probably due to a range of genetic and environmental influences (Hartvigsen ct al. 2004). 
Trauma-related neck pain comprises all injuries to the neck, including car accidents. 
Neck pain related to car accidents are very important, bearing in mind the increasing 
number of vehicles and consequent number of accidents. Resulting neck pain can 
interfere with patients' capacity for work, even 2 years after a car accident (Hildingsson 
and Toolanen 1990). Whiplash injuries, which are characterised by low-velocity car 
impacts, can cause pain from the cervical apophyseal joints (Lord et al. 1996). Patients 
reporting whiplash have an increased relative risk for headache, thoracic and low back 
18 
Chapter 1. Introduction 
pain, as well as for fatigue, sleep disturbances and ill health (Berglund et al. 2001). 
Immediately after whiplash, patients have reduced neck mobility in flexion, extension, 
lateral flexion, and rotation, but 3 months after injury, neck mobility is restored to 
normal (Kasch et al. 2001). Minor injuries to the cervical intervertebral discs occurring 
during frontal impact may lead to chronic symptoms, such as head and neck pain (Ito et 
al. 2005). 
1.5. Z Mechanism of whiplash 
Whiplash is an acceleration-deceleration syndrome involving abrupt head 
movements during car accidents. As shown in Figure 1.13, the impacted car accelerates 
first, followed by the driver's shoulders and then last is the head, which has the biggest 
acceleration. As proposed by Panjabi et al. (1998), based on in-vitro tests, in the first 
phase after collision (50-75 ms) the head starts to move, and the lower cervical spine can 
be injured in hyper-extension when the spine forms an S shape (Figure 1.14). The S shape 
formation is due to complex forces and moments acting on the cervical spine as a result of 
straightening of the thoracic curvature (Luan et al. 2000). Apparently, during the last 
phase of head movement, when the cervical spine is in full extension, no injuries happen 
(Panjabi et al. 1998). This movement pattern has been confirmed in-vivo (Kaneoka et al. 
1999). Additionally it was found that during the S-shape deformation, abnormal 
movements at the C56 level can possibly cause apophyseal joints injury due to the 
abnormal position of the centre of rotation, which is shifted upwards. This can cause 
abnormal increased mobility in the lower cervical spine following whiplash (Kristjansson 
et al. 2003). 
in general, whiplash is classified as a minor injury which does not involve fracture 
(Bogduk and Yoganandan 2001). However some findings contradict that definition. 
Jonsson et al. (1994) found in-vivo a high incidence of disco-ligamentous injuries 
following whiplash-type deformations. They could be as severe as disc herniations, 
causing radiating neck pain, which was only alleviated by early disc resection and fusion. 
Vaccaro et al. (2001) found in-vivo that in flexion-distraction injuries, bilateral 
apophyseal joint dislocation is related to disruption of the anterior and posterior 
longitudinal ligaments and of the left facet capsule. Later in-vitro accident simulations 
indicated that the supraspinous and interspinous ligaments and the ligamenturn flavurn 
can be injured because of excessive strains during frontal impacts (Panjabi et al. 2004). 
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I lowever, during rear impacts, the capsular ligaments ofthe apophyseal joi tits could be at 
risk of compressive injury (Pearson ct al. 2004). Disc injuries occur at lo-, ker impact 






-5 0 50 100 150 200 250 3W 350 
MSEC 
Figure 1.13 The magnitude and sequence of accelerations of the target car, driver's shou I ders, and head 
following a rear-end collision. (Positive accelerations are in the forward direction. ) (Bogduk and 
Yoganandan 2001 ). 
NP 25 ms 50M8 75 ma looms 125 ms Isoms 175 ms 
Figure 1.14 In simulated cadaveric whiplash injury (rear-end), the cervical spine forms an S-shape 
curvature after 50-75 ms. During this phase, the lower cervical spine shows hyper-extension. which can 
exceed physiological limits (Panjabi et aL 1998). 
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1.6. Internal mechanical properties of intervertebral discs: "stress 
profilometry" 
The "stress profilometry" technique was developed in the University of Bristol to 
investigate distributions of compressive stress (so-called 'stress profiles') inside lumbar 
intervertebral discs. This technique introduced a new dimension to enable understanding 
of' the distribution of forces transmitted through the disc. The technique comprises a 
needle-mounted pressure transducer (Gaeltec Ltd, UK), and a linear voltage displacement 
transducer (LVDT) to record the position of the needle transducer as it is pulled through 
the intervertebral disc. 
The following description of the transducer construction is after McNally et 
al. 1992b. The sensing element of the 1.3 mm diameter needle pressure transducer was 
made from beryl lium-copper (Be-Cu) plate (dimensions: 3 mm x 1.2 mm x 0.1 mm) 
(Figure 1.15). The central part (2 mm x 0.8 mm) of the plate was chemically etched to 
form a diaphragm (30 ýLrn thick). The plate was coated with a5 ýLrn filin ot'SiO-) on both 
sides in order to insulate and protect the Be-Cu plate. Two thin film chromium cermet 
strain gauge elements, together with gold contacts, were evaporated on to the coated plate 
and were connected to torm a half-bridge circuit. It was mounted in the side ofa 150 mm 
long, 1.3 mm-diameter surgical steel needle (Figure 1.16). The sensor was fitted into the 
needle and secured (to minimize movement between sensor and needle) using cast and 
epoxy fon-ners. In the final stage, it was sealed with a medical grade silicon elastonicr. 
The 1.3 mm-diameter needle pressure transducer was used to investigate lunibar 
intervertebral discs. A smaller 0.9 mm diameter needle was developed to investigate 
articular cartilage and cervical intervertcbral discs. The sensing element of' the smaller 







Figure 1.15 Diagrarn of sensor element (McNally et al. 1992b). 
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Figure 1.16 Diagram of the pressure-sensitive ncedle transducer (McNally et al. 1992b). 
Validation tests have shown that, in lumbar intervertebral discs, the output of the 
needle pressure transducer is approximately equal to the average compressive stress 
acting perpendicular to its membrane (McMillan et al. 1996b). Transducer output is 
proportional to applied load regardless of whether the transducer is held at a single 
location in the disc (Figure 1.17, McMillan et al. 1996b) or is pulled through the disc to 
obtain a stress profiles (Figure 1.18, Pollintine, et al. 2004b). 
Repeated stress profiles are closely reproducible (Figure 1.19), and the error 
between the first and second repetition is less then 20%, even after obtaining up to eight 
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Figure 1.17 The output of the needle transducer at a single location in the annulus fibrosus of a lumbar disc 
is linearly related to applied load (McMillan et al. 1996b). 
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Figure 1.18 Vertical 'stress' measured at any location within a lumbar intervertebral disc is proportional to 
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Figure 1.19 In lumbar discs, stress profiles repeated immediately were very similar. Specimen M70 LA5, 
neuLral posture, vertical compressive stresses (McMillan et al. 1996b). 
Rotating the needle pressure transducer by 90* allows measuring the vertical 
(transducer facing upwards, e. g. 12 o'clock) and horizontal (transducer facing sideways, 
e. g. 3 o'clock) components of compressive stress profiles, which then reveal two 
independent compressive stress states within the intervertebral disc. Chu (2005) showed 
that compressed confined specimens of annulus fibrosus of degenerated discs showed 
equal stresses around boundaries for vertical and horizontal stress profiles (Figure 1.20). 
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However, in the motion segments it is the annulus (as explained in 1.4.2) and ligaments, 
which play the role of the constraining element. Compressed discs bulge. creating tension 
in the outer annulus and ligaments. This affects the edges ofthe stress profiles recorded, 
appearing as a gradual stress reduction. Very often in the outer annulus it is the horizontal 
compressive stress component which diminishes before the vertical component as shown 
in Figure 2.1. This can be explained by a bigger deformation in the radial direction and 
therefore the tensile stresses occur more centrally than in the vertical stress profile. This is 
even more exaggerated after creep when the outer annulus becomes slack and less able to 
resist compressive force (Figure 5.1 















Figure 1.20 Vertical and horizontal compressive stress profiles from confined specimen of annulus fibrosus 
(Chu 2005). Note that vertical and horizontal stress components of confined specimens are approximately 
equal around the borders, unlike the profiles in Figure 2.1 and Figure 5.1. 
In lumbar discs, mean stresses for vertical and horizontal stress profiles (recorded 
with the transducer in the 12 o'clock and 3 o'clock positions respectively) are 
approximately equal, with no evidence that prolonged testing (15 pairs of stress profiles) 
affects the measurements significantly (McNally and Adams 1992a). Also. transducer 
withdrawal speeds within the range of 0.38 to 3.75 mm/s do not affect measurements 
(McNally and Adams 1992a). 
The difference between outputs from the 0.9 mm and 1.3 mm needle transducers in 
the nucleus and annulus of lumbar discs was less then 1%, suggesting that pushing aside 
the matrix has little effect on stress profiles, as shown in Figure 1.21 (McMillan et 
al. 1996b). However, the shorter transducer in the 0.9 mm needle (1.5 mm long) 
compared to the 1.3 mm needle (2 mm long), enabled the smaller transducer to reveal 
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Figure 1.21 Vertical stress profiles from the anterior annulus and nucleus of a lumbar disc recorded with 
different size transducers, mounted in needles of different diameters. Specimen M40 L23, V flexion 
(McMillan et al. 1996b). 
1.7. Mechanical properties of cadaveric tissues 
Cadaveric tissues are very often frozen for long-term storage, and subsequently 
thawed before testing. There is a possibility that freezing, and prolonged testing, could 
alter their mechanical properties. 
Panjabi et al. (1985) investigated the effects of freezing and thawing, as well as 
prolonged time of testing, on the mechanical properties of cadaveric spinal specimens. 
They found no effect on mechanical properties after a freezing and thawing cycle. Also, a 
prolonged freezing period up to 232 days did not show any effect. Prolonged testing for 
13 consecutive days did not show significant differences between the first and thirteenth 
day, although some variation was observed for fresh specimens in comparison to frozen. 
Smeathers and Joanes (1988) showed similar results for dynamic compressive testing of 
human lumbar motion segment (two vertebrae and the intervening disc and ligaments). 
Compressive stiffness decreased by 1% and hysteresis increased by 1% after a freezing 
and thawing cycle. An influence of freezing on creep properties of porcine discs was 
presented by Bass et al. (1997). They found that apparent permeability was increased by 
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82% and that the swelling pressure was decreased by 25%, after a frceze-thaw cycle. 
However these finding on young animal specimens were not supported by findings on 
older human lumbar discs (Dhillon et al. 2001), where freeze-thawing did not have any 
influence on the elastic or creep behaviour of human discs. Differences between creep 
behaviour of human and porcine discs were attributed to the juvenile porcine disc having 
a higher water content, which could have caused expansion damage to the adjacent 
annulus and end-plates during freezing. 
Nachemson (1960) showed that freezing has very little effect on stress recorded in 
the nucleus of lumbar intervertebral discs. The mean absolute difference between nucleus 
stress obtained before and after frozen storage at -25* C was 5.5%. An even smaller effect 
was noted after one day storage of fresh specimens in the refrigerator at 00 C- the 
difference was only 2.8%. 
In the light of previous research it is safe to assume that freezc-thaw cycles and 
refrigerator storage have little effect on the mechanical properties of human intervertebral 
discs. 
1.8. Aims and objectives 
The aim of this thesis is to understand the internal mechanical functioning and creep 
behaviour of cervical discs, and how they are affected by spinal level, gender, disc 
degeneration, and age. Differences between cervical and lumbar discs will be interpreted 
in terms of their anatomical and morphological differences. For convenience, experiments 
will be performed on human cervical intcrvertebral discs in-vitro following frozen storage. 
Specific objectives are to: 
* describe the distribution of vertical and horizontal compressive stresses 
along the antero-posterior diameter of loaded cervical intervertebral discs 
identify different functional regions within the discs 
characterize the influence of the following on stress distributions: 
0 posture 
0 spinal level 
0 gender 
0 disc degeneration 
0 age; 
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* measure disc creep resulting from sustained compressive loading, and 
analyse it in terms of a three-parameter viscoelastic model; 
* describe the influence of creep on stress distribution within the disc; 
* measure changes in disc stresses following various interventions in order to 
quantify load sharing between the disc, apophyseal joints, and uncus. 
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Chapter 2. Distribution of compressive 'stress' inside cervical 
intervertebral discs - neutral posture 
2.1. Introduction 
The aim of this chapter is to investigate the distribution of vertical and horizontal 
compressive stress inside cervical intervertcbral discs in cadaveric motion segments, 
using the stress profilometry technique. Variation with spinal level, age, gender, and 
degree of disc degeneration will be studied. Results will be compared with stress 
distributions measured previously in lumbar motion segments. 
The model of intervertebral disc structure commonly accepted consists of a soft 
nucleus pulposus surrounded by fibrous concentric lamellae of the annulus fibrosus. This 
is an accurate description of lumbar discs, but according to Mercer and Bogduk (1999) 
human cervical discs consist of nucleus pulposus surrounded by a non-concentric annulus 
fibrosus. The cervical annulus does not cover the disc's postero-lateral aspect (the 
so-called uncovertebral region) and is very thin in the posterior part of the disc. 
Differences in composition are also suggested by this paper, and it is clear that it cannot 
be assumed that cervical and lumbar discs have similar mechanical properties. 
Stress distributions inside lumbar intervertebral discs have been analysed (in vitro) 
at the University of Bristol, using a strain-gauged transducer mounted in the side of a 1.3 
mm diameter needle. Complete "stress profiles" of vertical and horizontal-acting stress 
were obtained from the mid-sagittal plane of loaded discs. According to McNally and 
Adams (1992a), profiles showed a large central region of the disc, where measured 
stresses did not vary with direction or location. This large hydrostatic region was termed 
the "functional nucleus" (Figure 2.1 LEFT). Pressures occurring in the nucleus pulposus 
of lumbar intervertebral discs had been measured extensively in vitro by Nachemson 
(1960) and shown to agree with those measured in vivo (198 1). 
In 1996b, Adams et al. further analysed stress distributions in lumbar discs, paying 
special attention to the effects of age and degeneration. In this work it was confirmed that 
the central region of lumbar intervertebral discs behaves like a fluid in all but the most 
degenerated discs. The highest compressive stresses normally were found in the annulus. 
Age-related degenerative changes reduced the Postero-anterior diameter of the functional 
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nucleus by approximately 50%, and reduced the pressure within it by 30% (Figure 
2.1 RIGHT) (Adams et al. 1996b). With age, the width of the functional annulus 
increased by 80%, and in the posterior annulus the compressive stress "peaks" (maximum 
stress minus nucleus pressure) increased by 160%. The effects of degeneration depended 
on spinal level and were greater at L45 than at L23, and greater in the posterior annulus 
than anterior. Both age and degeneration were closely associated, but degeneration was 
found to have the greater effect on intradiscal pressure. 
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Figure 2.1 Lumbar stress profiles: LEFT: for a slightly-degenerated (grade 2) disc M40 L23; RIGHT: for a 
severely degenerated (grade 4) disc F82 L45 (adapted from Adams et al. 1996b). 
No investigators have studied cervical discs in comparable detail. Cripton et al. 
2001 performed tests on human cervical motion segments in order to measure pressure in 
the central region of the intervcrtebral discs. A pressure sensor of 1.5 mm diameter and 
0.3 mm thickness was inserted into the central region of each disc. The position of the 
sensor was validated radiographically. The insertion hole, providing access to three 
0.26 mm diameter electrical cables was closed using a drop of "tissue glue". No attempt 
was made to control the orientation of the transducer's measurement surface. The motion 
segments were subjected to compression in a material testing machine at a rate of 10 N/s 
under force control up to 800 N. Results of peak disc pressure at 800 N ranged from 2.4 
to 3.5 MPa. Measured pressures varied linearly with applied load, with the r2 coefficient 
being greater than 0.99 (Figure 2.2). 
Wigfield et al. (2001 and 2003) performed biomechanical tests on intervertebral 
discs in large specimens of human cadaveric cervical spines. Each specimen consisted of 
three intervertebral discs and four vertebrae. Compressive stress was measured in the 
nucleus and annulus using a 0.9 rnm diameter needle-mounted transducer, pulled through 
the mid-sagittal plane of the disc. During stress profflometry the specimens were 
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compressed with a constant force of 200 N. Typical results are shown in Figure 2.3 for a 
cervical disc loaded in the neutral position (no flexion or extension). 
The mean stress from the antero-posterior diameter of the disc in the neutral 
position diminished from 1.44 MPa at C23 to 0.78 MPa at CM. This probably reflects 
the increasing size of lower cervical discs. Generally there were several differences noted 
between cervical and lumbar intradiscal stress distributions. However this work did not 
record profiles of vertical and horizontal stress, and the complex loading applied to the 
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Figure 2.2 Linear relationship between pressure in the centre of the cervical intervertebral discs and applied 
compressive force (Cripton et al. 2001). 
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Figure 2.3 Vertical stress profile for cervical intervertebral disc (Wigfield et al. 2001). 
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Recently Pezowicz et al. (2004) performed in vitro tests on multi-level cervical 
specimens using two needle pressure transducers localized in the nucleus pulposus. The 
needles were placed in the discs above and below the disc selected for future implantation 
(for instance if týe selected disc was C45 then one pressure sensor was inserted into level 
C34 and the other in level C56). Specimens were loaded linearly from 50 N to 200 N. It 
was found that pressure in the lower disc was higher than in the upper disc, which is in 
contradiction to the findings by Wigfield et al. (2001). The multi-level specimens used by 
Pezowicz did vary with number of levels, for example the tested specimens could be as 
long as C2-C7 (5 discs) or as short as C3-C6 (3 discs). Tests on multi-level specimens 
make it difficult to control the precise loading and deformation of any particular disc, 
because intermediate vertebrae are not prevented from bending or twisting in response to 
applied loading. 
In the following experiment, specimens will consist of two vertebrae only, so that 
the presence or absence of bending can be carefully controlled, and both horizontal and 
vertically-acting intradiscal compressive stresses will be measured. 
2.2. Materials and methods 
Twenty-seven human cervical motion segments aged 48-89 yrs (average 65 Yrs), 
each consisting of two adjacent vertebrae and the intervertebral disc and ligaments, were 
tested to obtain data from cervical intervertebral discs. 
2. ZI. Specimen preparation 
Human cervical spines were collected at post mortern examination from subjects 
who had not undergone prolonged bed rest or spinal injury before death. Spines were kept 
in sealed plastic bags at -17* C. Each spine was defrosted over night (about 12 h) at 30 C, 
the day before dissection. 
Next day the chosen motion segments were dissected, with special attention to keep 
the disc, ligaments and apophyseal joint capsules intact. After dissection, one motion 
segment was left for testing and the others were returned to the freezer. The tested 
specimen was radiographed (frontally and laterally) to check its condition and to allow 
the dimensions of the vertebrae to be measured. This helped to position the specimen in 
two metal cups of dental stone. Each specimen was wrapped in cling-film (to minimise 
dehydration), and secured in the stone with the help of screws in the vertebra (Figure 2.4 
and Figure 2.8). 
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Figure 2.4 Specimen F77 C45 during mounting. The lower vertebra is secured in dental stone. I'he upper 
vertebra is about to be mounted in stone with the aid of screws in the surfaces of the apophyseal joints, and 
a hook in the spinous process. 
ZZ2 Materials testing machine 
An hydraulically powered materials testing machine (Dartec/Z%vjck Roell Ltd., 
Stourbridge, U. K. ) was used for loading motion segments (Figure 2.5). 
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Figure 2.5 Dartec loading frame and Zwick Roell controller. 
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Technical tI eatures of the materials testing machine: 
- Applied (vertical) compressive force was measured by a load cell placed below 
the cross head. Maximal load is 20 kN. 
-A linear voltage displacement transducer (LVDT) measured the vertical position 
of the hydraulic ram (and base plate of the specimen attached to it). Maximal 
displacement and speed of the ram were 100 mm and 10 m/s respectively. 
- The machine could be operated manually or by computer. The latter operates in 
two modes - load or stroke control. 
2.2.3. The needle-mounted transducer 
The needle-mounted sensing element, 1.5 mm long, was mounted in the side of a 
0.9 mm diameter surgical steel needle (Gaeltec Ltd., UK). The element was fitted into an 
accurately machined cut-out on the needle and sealed in place using a medical grade 
silicone elastomer (Figure 2.6). 
Figure 2.6 The 0.9 mm needle pressure transducer: a) without sealing, b) with sealing. 
2. Z4. Displacement of the needle transducer 
Displacement of the transducer (i. e. its position within the disc) was measured by 
the LVDT. Pulling through the disc was done manually (Figure 2.7a). Withdrawal speeds 
within the range of 0.38 and 3.75 mm/s do not affect the compressive stress profiles 
(McNally and Adams 1992a). 
2. Z5. Amplifier 
A specially constructed header amplifier was used to provide a 1.0 V excitation 
signal for the bridge circuit. This amplifier allowed a variable offset voltage to be added 
to the transducer and puller signals to facilitate zeroing (Figure 2.7b). 
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Figure 2.7 a) The needle-mounted pressure transducer mounted in the mobile part ol'pulling device, 
b) both are connected to the amplifier. 
ZZ6. Pressure transducer calibration 
Evaluation of pressure transducer sensitivity %kas necessary bet'ore using the 
transducer during experiments. Calibration tests were done in a water-filled CvIinder. The 
piston was loaded on the Dartec materials testing machine, and compressive force was 
applied linearly from 0 to 850 N at a rate of 200 N/s. During testing the transducer was 
orientated in the vertical direction (the - 12 o'clock position"). 
The transducer sensitivity coefficient was calculated from the loading part of the 
curve, using linear regression. The coefficient was essential for subsequent stress profile 
tests. 
ZZ7 Stress profilometry 
Compressive force was applied by means of two low-friction rollers. When the 
rollers were of equal height they held the motion segment in the neutral position (neither 
flexed nor extended) and yet did not prohibit any small shearing or rotational movements 
in the horizontal plane (Figure 2.8). 
An initial creep test was performed to subject each specimen to 20 N compressive 
load for 15 min. This test caused some water to be expelled from the disc and was a 
precaution against the possibility of the disc being "super- hydrated- as a result of 
prolonged unloading post-mortem (McMillan et al. 1996a). 
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A sharp, hollow 0.9 nun-diameter needle was then used to create a path for the 
pressure transducer. This sharp needle merely cleaved the matrix but did not remove any 
disc tissue from the needle-track. It was inserted into the anterior annulus until it emerged 
from the posterior annulus. 
During stress profilometry, specimens were subjected to a static compressive load 
of 200 N for 20 s. During this time, the 0.9 mm. needle transducer was pulled through the 
mid-sagittal diameter of the disc. Stress profiles were repeated with the needle sensor 
rotated by 90' giving profiles for 12 and 3 o'clock positions (vertical and horizontal 
respectively). The puller (LVDT) and the transducer outputs were sampled at 25 Hz and 
stored on a computer. 
Eight specimens were subjected, for 20 s, to a static load ranging from 50 N to 
250 N (with load increment of 50 N) while vertical stress profiles were obtained at each 
load. 
2. Z 8. Stress profile analysis 
Each pair of vertical and horizontal stress profiles were imported into the MS Excel 
program, where the central region of each profile (corresponding to the nucleus) was 
approximated by a six-degree polynomial (Figure 2.9 Top). The selected region was 
divided equally into 200 points, and values of a six-degree polynomial were evaluated for 
each point (location). In order to calculate the extent of a "functional nucleus" (where 
horizontal and vertical values should be equal) the absolute percentage difference 
(ABS%) between vertical and horizontal components was calculated and compared to an 
arbitrary 5% cut-off limit. In a hydrostatic region, stress values should not vary with 
location or direction, so any regions in which the profiles changed markedly with location 
were designated 'annulus' (Figure 2.9 Middle). The nucleus pulposus boundaries were 
used to calculate the dimensions of three regions - posterior annulus (PA), nucleus (NP), 
and anterior annulus (AA). This was repeated for vertical (V) and horizontal (H) stress 
profiles (Figure 2.9 Bottom). These dimensions were expressed as a percentage of the 
disc a-p diameter, as indicated by the maximal distance recorded by the puller (either 
from the horizontal or vertical profiles). Nucleus pressure was calculated as an average 
value of the curve-fitted data, separately for vertical and horizontal profiles. The Nucleus 
stress gradient (SG) was calculated as a correlation between disc distance and 
corresponding pressure data (Figure 2.9 Bottom). Also maximal stresses in the anterior 
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and posterior annulus regions were recorded from real data of vertical and horizontal 
stress profiles. 
ZZ9. Statistical analysis 
For each stress profile parameter, statistical differences between groups of 
specimens were determined with a one-way ANOVA. Additionally when spinal level and 
disc degeneration results were analysed, the Games Howell pair-wise comparison was 
used; this method perfori-ris well for unequal sample size. 
Additional statistical analyses have been performed to assess a) the cumulative 
effect of several variables on each outcome measure or parameter, and b) interactions 
between these influences. This was achieved using multiple regression, and factorial or 
repeated measures ANOVA, respectively. 
Combined influences of level, gender, degeneration, and age were investigated 
using multiple regression. And factorial ANOVA was employed to account for 
interactions between level, gender, and degeneration with age as a covariate. 









Figure 2.8 The apparatus used to apply compressive loading to a motion segment. 
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Figure 2.9 Analysis of stress profiles: TOP: central regions of both stress profiles were fitted with a 
six-degree polynomial (r 
2 values indicating goodness of fit). MIDDLE: absolute percentage difference 
(ABS%) between vertical and horizontal components as compared to a 5% cut off, and adjusted nucleus 
boundary. BOTTOM: regional dimensions PA, NP, AA (H and V for horizontal and vertical) and disc 
width used for percentage calculations. Also nucleus stress gradient (SG) is indicated. 
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ZZIO. Sectioning and grading of intervertebral discs 
After testing each motion segment was removed from dental stone and frozen 
at -170C. Specimens were sectioned in the sagittal plane. using a hand saw for bone and a 
sharp knife for the frozen discs. These gross sections were approximately 5 mm thick. 
Thawed sections were photographed using a high-resolution digital camera. 
The assessment of disc degeneration was conducted on scale (from grade I to 
grade 4) based on previous reports for disc degenerations (Adams et al. 1996b, Adams et 
al. 1986, Johnson et al. 1975, Galante 1967). This was adapted slightly to account for the 
fact that all discs in the present study were from spines over 40 years old. 
Grade I (non-degenerated disc, Figure 2.10): evident distinction between the 
nucleus and annulus in the sagittal plane; both regions are shiny white (apart from the 
outermost annulus); The nucleus is gelatinous; no signs of disruption to the annulus are 
present. 
Figure 2.10 Non-degenerated disc (grade 1) - some blood stains on disc appeared after defrosting and were 
a consequence of sectioning. 
Grade 2 (moderately degenerated disc): less distinct boundary between the annulus 
and nucleus; the disc is creamy coloured; the nucleus seems to be more fibrous but still 
soft; usually there are no manifestation of structural disruption. 
Grade 3 (degenerated disc): distinction between the nucleus and annulus is difficult; 
the nucleus is dry, fibrous and frequently discoloured; some fissures are contained in the 
annulus and nucleus; small osteophytes may be present on the ventral or dorsal rim of the 
vertebral body. 
Grade 4 (severely degenerated disc, Figure 2.11): individual regions of the disc are 
no longer distinguishable due to severe changes; both annulus and nucleus are 
discoloured, fibrous and ruptured; marginal osteophytes are frequently present-, the disc is 
narrowed. 
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Figure 2.11 Two severely degenerated discs (grade 4): TOP: this disc had just sufficient height for use with 
the stress profilometry technique; BOTTOM: this disc is narrowed and was used only for the creep 
experiment described in Chapter 4. 
2.3. Results 
2.3.1. Validation of transducer output 
The stress profilometry technique reveals a characteristic stress distribution (under 
static load) along the postero-anterior diameter of each cervical intervertebral disc 
regardless of applied load (Figure 2.12). In a preliminary experiment on eight specimens, 
average nucleus stress taken from the middle of the profile of vertical stress was 
significantly correlated with applied load (r2=0.999, p<0.001, Figure 2.13). Note the 
positive intercept on the y axis - this indicates nucleus pre-stress arising from tension in 
the intervertebral ligaments and the weight of the upper cup. If stress profiles were 
repeated immediately, they showed excellent reproducibility, as shown in Figure 2.14. 
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Figure 2.12 Vertical 'stress profiles' (neutral posture) for a moderately degenerated disc. indicating the 
location of where nucleus pressure was taken for correlation (Figure 2.8). 
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Figure 2.13 Vertical nucleus pressure taken from eight specimens showed excellent correlation with 
applied load - average values (SEM). 
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Figure 2.14 Example of vertical stress profiles (neutral posture) showing excellent reproducibility - profile 
was repeated immediately. 
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Figure 2.15 Vertical and horizontal stress profiles (neutral posture) from a moderately degenerated disc 
with division into three distinct functional regions. The stress gradient in the nucleus is also indicated. 
2.3.2. Variation with spinal level 
Lower cervical discs have a greater horizontal area than upper cervical discs, and 
this would be expected to lead to lower stresses in the lower cervical discs. To allow for 
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this effect, the end-plate area was calculated for each disc using the formula for an ellipse 
(; r xaxb/4). Major and minor diameters were measured from radiographs. The average 
stress in the functional nucleus was significantly correlated with the lower end-plate area 
of the upper vertebra (r2=0.60, p<0.001, Figure 2.16). 
The nucleus stress gradient was significantly correlated with the posterior annulus 
stress (r2=0.40, p<0.001, Figure 2.17). 
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Figure 2.16 Nucleus pressure (vertical decreased with increasing end-plate area. 
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Figure 2.17 Nucleus stress gradient (vertical) decreased with increasing posterior annulus maxilnum stress. 
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The width of the three functional regions did not show any significant differences 
between levels (Table 2.1). However some trends were noted, as illustrated in Figure 2.18. 
Table 2.1 Width of disc functional regions (derived from stress profiles) for each cervical level - average 
values (SEM). 
Vertical Horizontal 
Level No PA NP [%] AA PA NP AA 
C23 9 31.0 (2.8) 34.8 (4.0) 28.6 (1.8) 32.4 (3.2) 34.8 (4.0) 30.8 (3.0) 
C34 1 30.4 32.0 29.2 30.4 32.0 37.6 
C45 4 35.0 (4.6) 23.2 (5.5) 35.9 (5.6) 37.5 (4.9) 23.2 (5.5) 37.9 (5.1) 
C56 3 29.7 (4.2) 36.0 (3.9) 32.0 (0.8) 30.0 (4.0) 36.0 (3.9) 30.7 (3.8) 
C67 2 26.5 (2.3) 37.0 (3.1) 35.8 (5.2) 24.2 (0.3) 37.0 (3.1) 36.4 (5.3) 
CM 8 22.8 (2.6) 39.6 (4.4) 34.7 (2.8) 22.8 (2.8) 39.6 (4.4) 33.2 (4.4) 
When data from multiple cervical levels were pooled, it was found that lower 
cervical discs (C56 to CM) had a relatively larger functional nucleus and a thinner 
posterior annulus (p<0.03). In other words, the nucleus was located more posteriorly. At 
the C45 level the nucleus was placed almost centrally and the area occupied by it was the 
smallest. For levels C23 and C34, the nucleus was located more anteriorly (Figure 2.18). 
0 Posterior annulus (PA) 0 Nucleus (NP) 13 Anterior annulus (AA) 
Figure 2.18 Width of the three functional regions (derived from vertical stress profiles) along the cervical 
spine - average values (SEM). 
Maximum stress within each disc region also varied with spinal level, as shown in 
Table 2.2. Generally stresses reduced down the cervical spine, reflecting the increasing 
end-plate area (Figure 2.16). For example, in the posterior annulus, the vertical maximum 
43 
Chapter 2. Distribution of compressive 'stress' inside cervical intervertebral discs- neutral posture 
stress (PA) at level C23 was 61% and 84% higher then at C56 and CM respectively 
(Table 2.2, Figure 2.19). Similar differences were found for horizontal stress (Table 2-3). 
In general, maximum vertical stress in the posterior annulus decreased towards lower 
levels of the cervical spine (Figure 2.19). 
The average vertical pressure in the nucleus of level C23 was 85% higher than in 
level CM (p<0.05). A similar significant difference was observed for horizontal 
pressure. Generally, both the vertical and horizontal nucleus pressure tended to decrease 
down the cervical spine. 
Nucleus stress gradients tended to be greater in the upper cervical spine (Table 2.2, 
Table 2.3) where "pressure" often decreased markedly from posterior to anterior. This is 
significant for vertical profiles if the levels C23 to C45 are pooled and compared with 
levels C56 to C71 (p<0.01). 
Table 2.2 Stresses from vertical stress profiles for each cervical level - average values (SEM). 
Level No 'PA [MPal INP [MPal SG 10-3 [Mpa/MMI AA [MPal 
C23 9 1.77 (0.13) 1.61 (0.13) -17.5 (3.4) 1.71 (0.17) 
C34 1 1.58 1.52 -21.3 1.44 
C45 4 1.42 (0.21) 1.25 (0.17) -19.2 (6.2) 1.29 (0.18) 
C56 3 *1.10 (0.12) 1.02 (0.13) -6.3 (1.7) 1.33 (0.21) 
C67 2 1.04 (0.27) 1.00 (0.21) -3.0 (7.7) 1.88 (0.35) 
CM 8 *0.96 (0.12) *0 . 87 (0.10) -9.6 (3.6) 1.52 
(0.23) 
t significant ANOVA p<0.005; * levels significalritly different from C23 p<0.05 
Table 2.3 Stresses from horizontal stress profiles for each cervical level - average values (SEM). 
Level No tPA [MPa] tNP [MPal SG 10,3 [MPa/mml tAA [MPal 
_ 
C23 9 1.89 (0.16) 1.65 (0.14) . 17.2 (4.5) 1.65 (0.14) 
C34 1 1.51 1.54 0.5 1.54 
C45 4 1.47 (0.22) 1.25 (0.18) -27.5 (9.4) 1.24 (0.15) 
C56 3 *1.14 (0.12) 1.03 (0.13) -11.0 (4.3) 1.00 (0.16) 
C67 2 1.01 (0.25) 0.99 (0.21) -2.8 (1.8) 0.98 (0.19) 
CM 8 * 1.00 (0.09) *0-87 (0.09) -11.1 (7.4) 0.90 (0.09) 
t significant ANOVA p<0.005; * levels significaIntly different from C23 p<0.05 
The anterior annulus did not show consistent differences between levels. There was 
a trend for maximum stress to decrease from level C23 to C45, but then to increase from 
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level C56 to CM (Figure 2.19). The greatest differences between nucleus stress and 
anterior annulus stress were in the lower cervical regions, as can be seen in Figure 2.20. 
The anterior annulus stress "peaks" were 30%, 88%, and 75% higher then nucleus stress 
for levels C56, C67, and CM respectively. 
IM 
Posterior annulus (PA) M Nucleus (NP) 13 Anterior annulus (AA) 
2.5 T 
Figure 2.19 Vertical stresses in the three functional regions - average values (SEM). 
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Figure 2.20 Vertical and horizontal stress profiles (neutral posture) for a non-degenerated disc, showing 
large vertical stresses in the anterior annulus. 
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Z3.3. Gender differences 
Analysis of the width of the three regions did not show any consistent differences 
between genders. Proportional width occupied by the nucleus in male discs was 11% 
larger than in female (vertical profiles, Table 2.1). However horizontal profiles indicated 
that the posterior annulus and anterior annulus were wider in females than males, by 8% 
and I I% rcspcctivcly. 
Table 2.4 Width of three disc regions grouped according to gender - average values (SEM). 
Vertical Horizontal 
NP[%] AA [%] Sex No PA P/o] NP[%] AA [%] PA [%] NP[%] 
F 10 29.4 (2.5) 32.5 (3.6) 32.4 (2.9) 30.9 (3.1) 32.5 (3.6) 35.6 (2.3) 
M1 17 28.2 (2.2)1 36.0 (2.9)1 32.5 (1.5)1 28.5 (2.3) 36 
MO(2-9) 
31.8 (2.6) 
There were statistically significant gender differences between stresses recorded in 
all three functional regions for both directions (Table 2.5, Table 2.6). Always peak 
stresses were lower in males then females. This is exemplified by the stress profiles 
shown in Figure 2.15 and Figure 2.21, where the average nucleus stress in the male disc is 
44% lower than in female. This difference reflects the size of the discs where the area in 
the male is 45% higher than in female. 
Table 2.5 Stresses recorded from vertica, profiles grouped according to gender - average values (SEM). 






1.65 (0.15) 1.54 (0.14) 
1 
-14.8 (2.7) 1.90 (0.15) 
m 17 1.16 (0.10) 1.04 (0.08) -12.3 (2.9) 1.35 (0-10) 
t significant ANOVA p<0.0 I 
Table 2.6 Stresses recorded from horizontal profiles grouped according to gender - average values (SEM) 













m 17 1.21 (0.09) 1.05 (0-08) -14.4 (3.9) 1.06 (0-08) 
signif icant ANOVA p<0.0 I 
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Figure 2.21 Vertical and horizontal stress profiles (neutral posture) for a moderately degenerated disc. 
2.3.4. Disc degeneration 
Grade of disc degeneration significantly influenced the width of the functional 
nucleus and anterior annulus (Table 2.7). Non-degenerated (grade 1) discs had a larger 
functional nucleus in comparison to severely-degenerated (grade 4) discs. Although there 
were no statistical differences shown by pair-wise comparison between adjacent grades, 
the raw data analysis revealed a consistent and significant reduction of nucleus width with 
increasing grade of disc degeneration (i-2ý0.28, p=0.004). The anterior annulus showed a 
significant increase of width with increasing degeneration (r2=0.34, p=0.002, horizontal 
stress). These variations are illustrated in Figure 2.22 and Figure 2.23. 
Table 2.7 Size of functional disc regions grouped for disc degeneration - average values (SEM). 
Vertical Horizontal 
Grade No PA f NP AA PA t NP 1%] t AA 
3 16.7 (3.2) 54.8 (5.4) 28.1 (2.0) 16.4 (4.1) 54.8 (5.4) 15.3 (5.4) 
2 12 29.5 (2.2) 33.8 (2.4) 31.9 (1.3) 30.5 (2.6) 33.8 (2.4) 34.1 (1.7) 
ý33 10 30.7 (2.5). 31.4 (3.0). 33.6 (3.3) 
1 
31.5 (2.8). 31.4 (3.0) 35.8 (2.5) 
4 4 2 -11.0 
(5.8) 1 26.5 (11.2) 1 35.9 (5.5) 31.5 (5.4)1 16.5 (11.2) 1 42.1 (5.8) 
significant ANOVA p<0.0 I 
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Figure 2.22 Reduction of nucleus width (vertical) with increasing disc degeneration. 
Anteriorannulus width 
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Figure 2.23 Increase of anterior annulus width (hqLjzqa! L1) with increasing disc degeneration. 
Grade of disc degeneration did not have a significant overall effect on stresses 
within the functional regions, or the nucleus stress gradients, for vertical or horizontal 
stresses (Table 2.8, Table 2.9). However, the vertical stresses in the posterior annulus and 
nucleus of grade 4 discs were 40% lower than in grade 2 discs. 
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Table 2.8 Vertical stresses grouped for disc degeneration - average values (SEM). 
Grade No PA [MPa] NP [MPa] SG 10--'[MPa/mm] AA [MPa] 
1 0.98 (0.19) 0.95 (0.18) -5.9 (2.9) 1.62 (0.20) 
2 12 1.47 (0.13) 1.35 (0.12) -11.6 (2.2) 1.61 (0.18) 
3 10 1 1.39 (0.18) 1.25 (0.15) -17.9 (4.5) 1.55 (0.13) 
4 21 0.88 (0-01) 0.80 (0.05) -10.4 (0.8) 1.12 (0.37) 
Table 2.9 Horizontal stresses grouped for disc degeneration - average values (SEM). 
Grade No PA [MPa] NP [MPa] SG 10-" [MPa/mm] AA [MPal 
1 3 1.03 (0.18) 0.96 (0.18) -7.3 (6.9) 0.96 (0.16) 
2 12 1.51 (0.15) 1.37 (0.13) -7.8 (3.4) 1.39 (0.13) 
3 10 1.46 (0.17) 1.26 (0.16) -24.1 (6.3) 1.24 (0.15) 
4 2 0.95 (0.05) 0.78 (0.06) -17.7 (3.6) 0.80 (0.04) 
Non-degenerated discs showed more even stress distributions over large distances - 
i. e. small stress gradients in the nucleus. A non-degenerated disc from level C23 did not 
show any stress peaks in the annulus (Figure 2.24). However discs from level CM, even 
though non-degenerated, always had a stress peak in the anterior annulus (Figure 2.20). 
Nucleus pressure was highest in grade 2 discs, and reduced with increasing grade of 
degeneration, reaching the smallest values in grade 4 discs (compare Figure 2.25 with 
Figure 2.26, and Figure 2.21 with Figure 2.29). 
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Figure 2.24 Vertical and horizontal stress profiles (neutral posture) for non-degenerated disc. 
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Figure 2.25 Vertical and horizontal stress profiles (neutral posture) for moderately degenerated disc. 
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Figure 2.26 Vertical and horizontal stress profiles (neutral posture) for severely degenerated disc. 
2.3.5. Aging 
No features of the stress profiles showed a linear dependence on age. possibly 
because of variations due to spinal level and disc degeneration. Therefore discs were 
divided into two groups: 'younger' (less than or equal to 65 years old. mean age 57 yrs, 
range 48-65 yrs) and 'older' (greater then 65 years old, mean age 73 yrs. range 66-89 yrs). 
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There were not any statistically significant differences in the size of functional disc 
regions in 'younger' and 'older' discs (Table 2.10). 
Table 2.10 Size of functional disc regions grouped according to age - average values (SEM). 
Vertical Horizontal 
Age No PA NP [%] AA PA NP[%] AA [%] 
* 65 yrs 12 29.5 (2.5) 33.3 (3.6) 33.2 (2.2) 3)LI (2.8) 33.2 (3.6) 32.5 (3.0) 
* 615 yrs 15 28.0 (2.1) 
1 
35.9 (2.8) 31.8 (1.8) 28.0 (2.4)1 35.9 (2.8) 33.9 (2.4) 
Peak vertical stresses in the posterior annulus and nucleus in the 'older' group were 
lower then in the younger group by 13% and 14% respectively (Table 2.11, Figure 2.27). 
A similar pattern was seen for horizontal stress (Table 2.12). 
Peak vertical stress in the anterior annulus was 10% higher in the 'older' group 
compared to the 'younger'. However, the opposite was seen in horizontal stress profiles. 
Table 2.11 Stresses in vertical stress profiles grouped according to age - average values (SEM). 
Age No PA [MPa] NP [MPa] SG I 0--l [MPa/mm] AA [MPal 
:5 65 yrs 12 1.45 (0.13) 
1 
1.33 (0.13) -12.4 (2.3) 
1 
1.47 (0.13) 
> 65 yrs 15 1.26 (0.13) 1.14 (0.11) -13.9 (3.2) 1.62 (0.15) 
Table 2.12 Stresses in horizontal stress profiles grouped according to age - average values (SEM). 
Age No PA [MPal NP [MPa] SG 10-1 [MPa/mm] AA [MPal 






1,34 (0.13) -13.1 (4.9) 
1 
1.38 (0.13) 
> 65 yrs 15 1.32 (0.13) 1.15 (0.12) - 15.6 (4.3) 1.13 (0.11) 
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Figure 2.27 Age-related differences in vertical stress functional regions - average values (SEM). 
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Stress profiles for the 'younger' group resembled those from upper cervical levels 
(compare Figure 2.27 and Figure 2.19) as typified in Figure 2.21. Stress profiles for the 
'older' group tended to resemble those of lower cervical levels as typified by Figure 2.28. 
Nevertheless there were noticeable age differences for upper level stress profles. as well 
(compare Figure 2.29 and Figure 2.2 1). 
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Figure 2.28 Stress profiles (neutral posture) for a typical disc from the 'older' group. 
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Figure 2.29 Stress profiles (neutral posture) for an 'older' disc showing a large functional nucleus (between 
dashed lines) and low stresses, compared to a younger disc of similar size (Figure 2.2 1). 
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23.6. Multiple regression 
Influence of level, gender, degeneration, and age on various stress profiles features 
are summarised in Table 2.13 and Table 2.14 for vertical and horizontal respectively. 
They show that the posterior annulus becomes narrower down the cervical spine but 
widens with increasing disc degeneration. Also, more degenerated discs had a smaller 
nucleus. 
Posterior annulus stresses and nucleus pressure were reduced down the cervical 
spine. Male motion segments had lower stresses in all functional disc regions. 
Age appeared to have no influence on any of the stress profiles features in either 
vertical or horizontal profiles. 
Table 2.13 Multiple regression coefficients for vertical stress profiles. 
r2 Constant 
Level 
(scale I (C23) 




(scale I to 4) 
Age 
(Yrs) 
'PA 0.36 **27.81 *-1.72 2.84 *5.50 -0.126 
NP 0.36 **41.25 1.01 -1.10 **-9.57 0.208 
AA 0.22 **29.56 (*)1.42 -0.16 3.56 -0.159 
IttPA [MPa] 0.62 
1 
"2.13 "-0.14 *-0.34 -0.06 0.001 
'ttNP [MPa] 0.67 " 2.14 "-0.12 **-0.36 -0.06 -0.002 
SG 10-3 [Mpa/MMI 0.24 -9.39 *2.18 -0.99 -3.43 -0.038 
IAA [MPal 0.37 "2.37 0.02 **-0.63 -0.19 0.000 
significant ANOVA I p<0.05, TTT p<0.00 1; significant coeff icients: * p<0.05, p<0.0 1, " p<0.00 1; 
trends are marked by (*) p<O. I 
Table 2.14 Multiple regression coefficients for horizontal stress profiles. 
r2 Constant 
Level 
(scale I (C23) 




(scale I to 4) 
Age 
(Yrs) 
IPA 0.36 1 **30.36 *-2.02 2.02 *5.63 -0.134 
INP 0.36 **41.25 1.01 -1.11 **-9.57 0.208 
'AA 0.35 (*) 18.20 0.50 -2.19 **6.90 -0.029 
t"PA [MPaj 0.64 "2.13 "-0.16 *-0.35 -0.06 0.003 
'"NP [MPaj 0.69 "2.20 "-0.13 **-0.37 -0.07 -0.002 
SG 10-3 [Mpa/MM] 
1 
0.20 0.53 1.84 -4.68 (*)-8.90 0.046 
I"AA [MPa] 0.67 
1 
"2.30 "-0.13 *-0.34 -0.06 -0.004 
significant ANOVA T P<0.05 , 
TTT p<0.00 I; significant coefficients: * p<0.05, ** p<0.0 1, to P<0.00 1; 
trends are marked by (*) p<O. I 
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Z3.7. Interactions between level, gender, degeneration, and age 
Results of factorial ANOVA (with level, gender, and degeneration as factors, and 
age as covariate) are summarised in Table 2.15 and Table 2.16 for vertical and horizontal 
profiles respectively. 
For the width of the anterior annulus in the vertical profile, the main effect of 
degeneration, and interactions between level and gender, reached significance (Table 
2.15). There was also a trend for main effect of level. 
The width of the anterior annulus in vertical stress profiles increased with grade of 
disc degeneration. The values corrected for age were similar to those in Table 2.7. 
Contrast showed that the vertical width of grade 4 discs was significantly different from 
grade I and grade 3 discs (p<0.01 and p<0.05, respectively). 
Table 2.15 Significance table of factorial ANOVA with age as covariate, for vertical stress profiles 
(bold: p<0.05, underlined: p<0.1). 
Source PA [%] I NP [%] AA [%] PA [MPal NP [MPal SG [MPa/mml AA [MPal 
Corrected Model 0.475 0.197 0.053 0.071 0.027 0.690 0.011 
Intercept 0.127 0.383 0.003 0.074 0.023 0.282 0.002 
Age 0.673 0.578 0.155 0.609 0.353 0.455 9.067 
Level 0.656 0.919 0.074 0.098 0.048 0.342 a. 09 I 
Gender 0.673 0.864 0.403 0.229 0.094 0.313 0.005 
Degeneration 0.376 0.067 0.021 0.324 0.336 0.342 0.442 
Levelx Gender 0.844 0.326 0.032 0.508 0.770 0.682 0.237 
Levelx 
Degeneration 























The interaction tenn level x gender revealed different effects of gender across the 
cervical spinal levels with respect to the width of the anterior annulus in the profiles of 
vertical stress (Figure 2.30). Largest width occurred in female specimens at C45 and 
CM levels. However at the C23 level it was smaller for female discs than for male. 
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Figure 2.30 Width of the anterior annulus (vertical profile) depended on cervical level and gender - 
average values corrected for age (SEM). 
There was a significant main effect of level on nucleus pulposus pressure showing a 
decrease down the cervical spine (Table 2.15), and contrast revealed that nucleus pressure 
at C23 level was significantly different from pressure at C7TI level (p<0.01). Also there 
was a trend for a main gender effect on nucleus pulposus pressure, but this did not quite 
reach significance. 
There was a significant main effect of gender on anterior annulus vertical stress, 
revealing higher stresses for female specimens compared to male. 
Interactions between level and degeneration for anterior annulus vertical stress 
showed different effects of degeneration on cervical spinal level (Figure 2.3 1 ). At the C23 
and C56 levels the anterior annulus vertical stress increased with increasing disc 
degeneration. However at C45 and C67 levels it decreased. At the CM level the effect 
was not consistent. 
There were various interactions between gender and degeneration for vertical 
stresses in the anterior annulus (Table 2.15). For female specimens the anterior annulus 
stress decreased with increasing grade of degeneration (Figure 2.32). For male specimens 
it also decreased, but not in grade 3 discs where anterior annulus stresses were 
particularly high. Anterior annulus stresses in grade 2 and grade 4 discs were lower in 
male discs than in female. 
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Figure 2.31 Anterior annulus vertical stresses depended on grade of disc degeneration and cervical level - 
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Figure 2.32 Anterior annulus vertical stresses depended on gender and disc degeneration averagevalues 
corrected for age (SEM). 
The interaction term level x gender x degeneration reached significance for anterior 
annulus vertical stresses (Table 2.15), showing different effects of degeneration across the 
cervical spine for female and male specimens (Figure 2.33). 
For female specimens, degeneration increased the anterior annulus stress at C23 
level, but reduced it at C45 and C7T I (Figure 2.33 TOP). 
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For grade 2 female discs the anterior annulus stress was highest at the CM level. 
However, it was lower and approximately equal for C23 and C45 levels. Grade 3 discs 
showed the opposite effect: anterior annulus stress was highest at the C23 level, whereas 
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Figure 2.33 Anterior annulus vertical stresses depended variably on grade of disc degeneration and cervical 
level for female (TOP) and male (BOTTOM) specimens - average values corrected for age (SEM), 
For male specimens, anterior annulus stress increased with disc degeneration at the 
C23 level (Figure 2.33 BOTTOM), but values were lower than for female specimens. At 
the C45 and C67 levels, degeneration reduced the anterior annulus vertical stress. At the 
C7TI level the effect was not consistent. 
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For grade 2 male discs, anterior annulus stress was highest at C67 and reduced at 
C23, C34, and C56. Grade 3 discs showed a steadily reducing trend from C23 to MI. 
The width of the anterior annulus (horizontal profiles) showed a main effect of 
degeneration and a significant interaction between gender and degeneration (Table 2.16). 
A main degeneration effect reflected increasing (horizontal) width of the anterior 
annulus with increasing grade of disc degeneration. The values, corrected for age, had 
similar trends as those in Table 2.7. 
The interaction term gender x degeneration showed that anterior annulus width 
depended variably on gender and disc degeneration (Figure 2.34). For male specimens 
there was a trend of increasing anterior annulus (horizontal) width, with increasing disc 
degeneration, exhibiting a plateau for grade 2 and grade 3 discs. However, female discs 
did not show a consistent pattern. 
The (horizontal) width of the anterior annulus was greatest in grade 3 female discs 
and grade 4 male discs. 
Table 2.16 Significance table of factorial ANOVA with age as covariate, for horizontal stress profiles 
(significant effect bold, trend p<O. I underlined). 
Source PA [%] I NP [%] AA [%] PA [MPal NP [MPal SG [MPa/niml AA [MPal 
Corrected Model 0.450 0.198 0.041 0.009 0.010 0.836 0.004 
Intercept 0.141 0.383 0.032 0.034 0.010 0.298 0.004 
Age 0.645 0.578 0.737 0.625 0.218 0.407 0.139 
Level 0.479 0.919 0.199 0.010 0.019 0.670 0.013 
Gender 0.568 0.868 0.514 0.141 0.083 0.564 0.0_8 1 
Degeneration 0.350 0.067 0.011 0.177 0.178 0.342 0.137 
Level x Gender 0.986 0.328 0.198 0.353 0.565 0.674_ 0.509 
Level x 
Degeneration 
0.599 0.283 0.157 0.152 0.128 0.880 0.079 
Gender x 
De eneration 
0.372 0.778 0.047 0.022 0.035 0.660 0.015 




0.589 0.795 0.688 0.821 
I 
0.776 
A significant main effect of cervical level on nucleus pressure in the horizontal 
profile (Table 2.16) showed that pressure decreased down the cervical spine in a similar 
manner to that shown in Table 2.3. Nucleus horizontal pressure at C23 level was 
significantly different from pressure at CM level (p=0.001). Similar patterns were found 
for posterior annulus and anterior annulus horizontal stresses. 
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The interaction between gender and degeneration for nucleus pressure (horizontal 
profile) was significant (Table 2.16). For female specimens, nucleus pressure decreased 
with increasing degeneration, but for male specimens it increased up to grade 3 and 
decreased for grade 4 (Figure 2.35). This pattern was similar for vertical stress profiles, 
but did not reach significance (marked trend in Table 2.15). 
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Figure 2.34 Width of the anterior annulus (horizontal profiles) depended on gender and grade of disc 
degeneration - average values corrected for age (SEM). 
[ -00-14ýale ElFemale 
Figure 2.35 Nucleus horizontal pressure depended on gender and grade of disc degeneration - average 
values corrected for age (SEM). 
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The interaction term gender x degeneration was also significant for posterior 
annulus and anterior annulus stresses. The trend was similar to that for nucleus stress, but 
the average values were slightly different, and nucleus stress for grade 4 female 
specimens was lower than for male. 
2.4. Discussion and conclusions 
The stress profilometry technique is an excellent tool for revealing stress 
distributions within cervical intervertebral discs. The pressure transducer measures forces 
acting perpendicular to its sensing element. Output of the 0.9 mm needle transducer was 
proportional to applied load (Figure 2.12). Especially in the nucleus, stresses measured in 
cervical discs exhibited high linearity with applied load (Figure 2.13), which is consistent 
with previous work by Cripton et al. (2001). Although the stress profilometry technique is 
invasive, it shows very good reproducibility in cervical discs (Figure 2.14). This is 
consistent with reproducibility results from the lumbar spine obtained with a 1.3 mm- 
diameter needle transducer (McMillan et al. 1996b). This also indicates that use of the 
0.9 min transducer in cervical discs is appropriate and gives reliable results. 
Stress profiles at levels C23 and C34 differed from those at levels C67 and C7TI. 
At the upper levels, nucleus pressure was higher, but all stresses varied less along the disc 
diameter (Table 2.2). At the lower levels, nucleus pressure was lower but anterior stress 
peaks were present even when the discs were non-degenerated. Stress profiles from levels 
C45 and C56 were intermediate in character between upper and lower levels, those at C45 
being more similar to upper levels, and those at C56 resembling lower levels. 
The nucleus pressure was proportional to the end-plate area (Figure 2.16) and 
therefore decreased at lower cervical levels (Figure 2.19) where cross-sectional area was 
greater. The variability of stress differences, especially for smaller discs, could be 
attributable to the fissures (the so-called uncovertebral joints) which occur in the 
postero-lateral aspect of the disc with aging and degeneration (Hirsh et al. 1967, Mercer 
and Bogduk 1999). These joints effectively change disc properties and reduce its 
cross-sectional area. This could also explain why the stress gradient was higher at upper 
cervical levels. However, although the functional nucleus width was greatest at C7T1 it 
was only 12% higher than at C23. The finding of higher stresses in C23 discs in 
comparison to lower cervical discs is consistent with previous work by Wigfield et al. 
(2001 and 2003) on multi-level specimens. 
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Average "stress" in the nucleus for male discs was 32% lower than for females 
(Table 2.5). This gender differences can probably be attributable to the cross sectional 
area of the end-plate, which was 41% higher for male specimens. Francis (1955) showed 
that male cervical end-plates are larger than female. 
Disc degeneration reduced nucleus width (Figure 2.22). This is consistent with 
findings for lumbar discs, where the functional nucleus was reduced by degeneration 
(Adams et al. 1996b). Average nucleus pressure in cervical discs was highest for grade 2 
discs, and decreased consistently towards grade 4 discs (Table 2.8). Nucleus pressure in 
grade 4 discs was 16% lower than in grade I discs. However this reflects the influence of 
male specimens, because grade I discs were all male, and grade 4 discs were male and 
female. In lumbar discs this effect was greater: the most degenerated discs had 30% lower 
nucleus pressure than the non-degenerated (Adams et al. 1996b). 'Me limited effect of 
disc degeneration on results from cervical discs could be influenced by the small number 
of grade I specimens tested, and also by the necessity of tested discs to have sufficient 
height to pull the needle pressure transducer through it without damaging the sensing 
element (so severely narrowed discs could not be tested). The few non-degenerated 
(grade 1) discs tested showed even stress distributions over large distances, and small 
stress gradients I the nucleus. The width of the functional nucleus was reduced by 
degeneration rather than by aging. 
The average "stress" in the nucleus pulposus of 'younger' discs was 14% higher 
than in 'older' discs (Table 2.11). This could be attributed to end-plate area which was 
10% larger for the 'older' group. Conversely, maximum stress in the anterior annulus was 
10% higher in the 'older' discs. These apparent effects of age were influenced by gender, 
cervical level and degree of disc degeneration, and by interactions between them (Table 
2.15 and Table 2.16). 
The anterior annulus vertical stresses appeared to have the most complex 
relationships. Female specimens had 36% higher anterior stresses compared to male, but 
this was influenced by interactions between degeneration and gender, degeneration and 
level, and gender, degeneration, and level. 
In the light of the present study and the one by Wigfield et al. (2001 and 2003) it is 
not clear why Pezowicz et al. (2004) found nucleus pressure to be lower in the upper 
, rvical 
discs. One explanation could be that the large multi Ce -level segments used in the 
latter study allowed bending, so that load-sharing was different (see Chapter 3). Panjabi 
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et al. (1998) found that the critical load for a whole osteoligamentous human cervical 
spine is only 10.5 N- in other words it can buckle easily. 
Previous investigations of the internal functioning of lumbar discs (Adams et al. 
1996b) have shown that they have a large central region where measured stresses do not 
vary with direction or location. Peaks of compressive stress normally appear in the 
annulus, especially posterior to the nucleus. Differences between lumbar and cervical 
discs are probably attributable to the cervical discs having a more fibrous nucleus, which 
appears able to equalise stress in different orientations, but not over large distances. In 
this respect it functions in the manner of a "tethered fluid". Cervical discs also have a 
crescent-like annulus which is very thin posteriorly. The role of cervical posterior annulus 
is probably limited to resisting tension rather the compression. Compression in the 
cervical spine is more likely to be resisted by the uncus and apophyscal joints, rather than 
by the posterior annulus. 
In comparison to lumbar discs, stress profiles at the upper level C23 differed more 
than those at C67 and CM. This could be attributable to the greater load-bcaring at 
lower cervical levels which gives these discs a more similar function to lumbar discs. 
However lumbar discs do not generally exhibit large anterior annulus stress peaks in the 
neutral posture, as seen in many cervical discs (Figure 2.20 and Figure 2.26). These 
anterior peaks may possibly arise because of reduced resistance to compression from the 
neural arch and posterior annulus at cervical levels. 
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Chapter 3. Effect of posture on the distribution of compressive 'stress' 
inside cervical intervertebral discs 
3.1. Introduction 
The aim of this chapter is to investigate how posture affects stress distribution 
inside cervical intervertebral disc. Posture influences the orientation of adjacent vertebrae 
and deforms the intervertebral disc. Interaction between posture and spinal level, gender, 
disc degeneration and age will also be considered. 
The cervical spine is the most mobile region of the human spine. High mobility is 
due to the highest disc-height/vertebral-body-height ratio, which is 2/5 for the cervical 
spine and 1/3 and 115 for lumbar and thoracic respectively (Kapandji 1974). Only small 
movements are allowed between vertebrae (Table 3.1) but it summates and the total range 
of flexion-extension of the cervical spine, excluding suboccipital column, is 100-1100 
(Kapandii 1974). 
Table 3.1 Range of flexion-extension motion in the cervical spine for each disc level (White and Panjabi 
1978). 
Level Limits of range Representative angle 
C23 5-23 8 
C34 7-38 13 
C45 8-39 12 
C56 4-34 17 
C67 1-29 16 
CM 4-17 9 
Little is known about the influence of posture on stress distributions in cervical 
discs. For upper cervical disc levels C23-C45 the maximum peak compressive stress is 
reported in extension, in the posterior annulus, whereas for lower disc levels C56-C7TI 
maximum peak stress is 
in flexion, in the anterior annulus (Wigfield et al. 2003). In that 
study there were no systematic comparisons between stresses in the posterior annulus, 
nucleus or anterior annulus according to 
disc level, gender, disc degeneration or aging. 
In-vivo studies (Nachemson 1981) on lumbar disc pressure revealed that posture 
during daily activities changes pressure within the disc. In comparison to pressure in the 
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upright position, reclining reduces the pressure by 50-80%; unsupported seating increases 
by 40%, forward flexion and rotation can increase pressure as much as 400%. However, 
these changes are probably due to changes in the forces exerted in the spine in the 
different postures. In order to study the influence of disc deformation on stress 
distributions it is necessary to study cadaveric spines subjected to constant (compressive) 
loading. 
Flexion and extension both increase stress in the nucleus pulposus of lumbar motion 
segments tested (before creep) under the same loading conditions (McNally and Adams 
1992a). This is related to tension in the surrounding ligaments and outer annulus, and 
load-bearing by the neural arch (Adams et al. 1994). Posture also affects the shape of 
stress profiles (McNally and Adams 1992a). Extension increases the peak vertical stresses 
acting on the posterior annulus, especially in degenerated discs (Adams et al. 2000). 
Flexion has a variable effect: in some discs it equalises stress across the disc; in other 
discs flexion creates a high peak in vertical compressive stress in the anterior annulus 
(Adams et al. 2000). 
These results are not a reliable guide to what happens in the cervical spine, where 
dis cs dimensions are different, and load-sharing between disc, neural arch and uncus 
would expect to influence stress profiles. 
3.2. Materials and methods 
Vertical and horizontal stress profiles were analyzed from twenty-five out of 
twenty-seven motion segments described in Chapter 2. Technical problems prevented two 
motion segments from being tested in all postures. 
3. ZL Specimen preparation 
Detailed description is in Chapter 2. Stress profilometry in different postures 
followed the test in neutral Position. 
IZZ Stress profilometry 
Stress profiles were obtained the same way as described in Chapter 2, except that 
the motion segment was positioned in different simulated postures by adjusting the height 
of the rear rollers by changing the vertical support bars (Figure 3.1). The set of bars 
enabled each specimen to be wedged by 1.5*, 2.50,3.50,4.50, or 5" either 
in flexion or 
extension. Flexion and extension angles applied to each specimen depended on the 
disc 
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mobility and height. It was necessary to allow safe insertion of the needle pressure 
transducer without damaging the silicon sealing or sensor itself. 
SUPPO 
BAR', 
Figure 3.1 Changing the height of support bars in the rear rollers enabled the specimen to be positioned in 
extension (upper cup - solid line) or flexion (upper cup - dashed line) (for full description see Figure 2.8). 
3.2.3. Statistical analysis 
For all evaluated parameters in each group (flexion, extension) statistical 
differences were determined with a one-way ANOVA. Additionally, when spinal level 
and disc degeneration results were analysed the Games Howell pair-wise comparison was 
used. 
Within-subject effects for flexion, neutral, and extension, were performed using 
repeated measures ANOVA with 
Bonferroni pair-wise comparison. 
Combined influences of level, gender, degeneration, and age were investigated 
using multiple regression. Additionally 
in the second step, of stepwise multiple regression, 
the flexion (or extension) angle was added to the previous regression model to account for 
any possible significant 
influence of variable flexion (and extension) angles applied 
during measurements. 
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A mixed design ANOVA was employed to account for interactions. The within 
subject factor (repeated measures) was posture (flexion, neutral, and extension). and 
between subject factors were level, gender, and degeneration. Age was a covariate. 
Statistical analyses were performed using SPSS program version 11.5 for Windows. 
3.3. Results 
Stress profilometry technique allowed revealing response of' different parts of the 








M65 C23 grade2 
-0.0 
+5 
Figure 3.2 Effect of posture on vertical stress profiles in a moderately degenerated disc. 
Vertical data analysis showed that the percentage width occupied by the nucleus 
pulposus was greatest in the neutral posture (Figure 3.3). Nucleus width was significantly 
lower in the extension posture, by 24.7% (Table 3.2). No other differences reached 
significance. 
Table 3.2 Percentage differences in the width of disc functional regions in flexed and extended postures. 
Positive values indicate increased width. 
Posture No PA [%] tNP [%] AA [%] 
Flexion 25 8.0 % -14.0% 13.4 % 
Neutral 27 0.0% *0.0 % 0.0% 
Extension 25 18.1 % -24.7 % 12.1 % 
t significant repeated measures ANOVA p-0.01; 
* significantly different from extension P<0.0 I 
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Changes in posture altered stresses distribution in each region of the disc (Figure 
3.4). On average, the nucleus pulposus showed a small non-significant increase in 
pressure in both flexion and extension (Table 3.3). Anterior annulus maximum stress in 
flexion was significantly increased compared to the neutral and extension postures. 
Posterior annulus maximum stress was highest in extension, and was significantly higher 
then in flexion and neutral postures. The stress gradient in the nucleus showed a 
non-significant tendency to increase in extension and decrease in flexion (Table 3.3). 
Broadly similar results were found for horizontal stresses. 
















Figure 3.3 Width of disc region depended on posture - vertical stresses, average values (SEM). 
Table 3.3 Percentage differences in vertical stress in flexed and extended postures in comparison to neutral 
posture. Positive values indicate increased stress. 
Posture No t PA [MPal 
I NPIMPal tSGIMPa/mm] tAAIMPa] 
Flexion 25 *6.6 % 14.2 % -128.5 % 
1 
19.0% 
Neutral 27 *0.0 % 0.0% 0.0 % 110.0 % 
Extension 25 35.0 % 9.5 % 190.1 % "-6.9 % 
t significant repeated measures ANOVA p<0.05; * posture significantly 
different from extension p<0.01, " posture significantly different from 
flexion p<0.05 
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Figure 3.4 Changes of vertical stress in disc functional regions according to posture - average values 
(SEM). 
3.3.1. Posture and spinal level 
Posture had a significant effect on stresses in all three regions of' disc (Table 3.4. 
Table 3.5). In flexion there were statistically significant vertical stress differences in the 
nucleus and posterior annulus between levels C23 and C56 (Table 3.4). Nucleus pressure 
at C56 was 47% lower than at level C23, and anterior annulus stress was 50% lower. 
Similar results were found for horizontal stresses (Table 3.5). 
In flexion the anterior annulus stress had the highest values (Figure 3.5). Nucleus 
pressure decreased from C23 to C56 level, where it reached its minimum. It increased 
slightly at level C67 and CM. The largest difference between anterior annulus stress and 
nucleus pressure was for level CM, where the anterior stress was 73% higher then 
nucleus pressure. In flexion, posterior annulus stress was close to the values of nucleus 
pulposus pressure. 
Influence of posture on vertical stress 
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Table 3.4 Vertical stresses in flexion grouped for spinal level - average values (SEM). 
Level No t PA [MPa] tNP[MPa] SC, 10--"[MPa/mm] tAA[MPa] 
C23 9 1.83 (0.17) 1.82 (0.20) 10.3 (30.1) 2.23 (0.16) 
C34 1 1.63 1.50 -32.2 1.74 
C45 4 1.30 (0.17) 1.24 (0.16) -0.4 (4.5) 1.33 (0.18) 
C56 3 *0.94 (0.13) *0.96 (0.13) 20.0 (18.6) * 1.12 (0.10) 
C67 1 1.15 1.17 -1.3 1.77 
CM 7 1.22 (0.21)1 1.15 (0.20) -3.3 (3.7) 1.99 (0.33) 
significant ANOVA p<0.05; * levels significantly different from C23 p<0.05; 
Table 3.5 Horizontal stresses in flexion grouped for spinal level - average values (SEM). 
Level No + PA [MPal +NP[MPa] SG 10-'[MPa/mm] +AA IMPal 
C23 9 1.85 (0.16) 1.81 (0-18) 14.8 (33.5) 2.01 (0.14) 
C34 1 1.61 1.58 -21.1 1.55 
C45 4 1.31 (0.18) 1.27 (0.16) -8.2 (3.7) 1.37 (0.17) 
C56 3 *1.01 (0.09) *0.97 (0.12) 11.3 (11.3) * 1.04 (0.11) 
C67 1 1.30 1.18 27.6 1.26 
CM 7 1.21 (0.18) 1.14 (0.19) 2.1 (2.1) * 1.18 (0.17) 
t significant ANOVA p<0.05; * levels significantly different from C23 P<0.05; 
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Figure 3.5 Distributions of vertical stress in flexion for each spinal level - average values (SEM). 
In _extension 
the posterior annulus stresses were greatest (Figure 3.6, Table 3.6, and 
Table 3.7). Stress gradients in the nucleus showed overall significance in extension. for 
69 
Chapter 3. Effect of posture on the distribution of compressive 'stress' inside cervical intervertebral discs 
horizontal stresses. However there were no significant differences for particular levels in 
any of these regions. 
Table 3.6 Vertical stresses in extension, grouped for each spinal level - average values (SEM). 
Level No t PA [MPa] NP [MPa] SG 10-3 [Mpa/MM] AA [MPa] 
C23 9 2.18 (0.14) 1.74 (0.14) -36.5 (13.8) 1.77 (0.14) 
C34 1 1.80 1.73 -11.8 1.71 
C45 4 1.96 (0.20) 1.11 (0.30) -99.7 (72.6) 1.01 (0.27) 
C-56 3 1.32 (0.23) 1.12 (0.20) -22.7 (5.9) 1.17 (0.12)_ 
C67 1 1.64 1.18 6.4 1.17 
CM 7 1.49 (0.28)1 1.02 (0-29) -22.6 (7.4) 1.41 (0.36) 
t significant ANOVA p<0.05 
Table 3.7 Vlorizontal stresses in extension grouped for each spinal level - average values (SEM). 
Level No t PA [MPal NP [MPal tSG 10-3 [Mpa/MM] AA [MPa] 
C23 9 2.13 (0.15) 1.76 (0.14) -39.5 (12.0) 1.73 (0.16) 
C34 1 1.83 1.71 -8.6 1.67 
C45 4 1.96 (0.21) 1.10 (0.31) -111.6 (40.0) 1.02 (0.31) 
C56 3 1.30 (0.23) 1.12 (0.20) -26.7 (10.9) 1.10 (0.22) 
C67 
1 
1 1.72 1.17 28.6 1.22 
CM 7 1.41 (0.23)] 1.03 (0.29), -24.6 (5.9) 
1 
0.98 (0.28) 
t significant ANOVA p<0.05 
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Figure 3.6 Distribution of vertical stresses in extension for each spinal level - average values (SEM). 
In extension nucleus pressure did not change consistently with spinal level. It was 
the highest at C23 and C34, decreased rapidly at level C45, and remained approximately 
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constant down to level CM. The largest differences between posterior annulus stress and 
nucleus pressure was at level C45, where the posterior stress was 77% higher then 
nucleus pressure. Anterior annulus vertical stress was close to the values of nucleus 
pulposus pressure for all levels, except CM, where anterior stress peaks were sometimes 
observed (even in extension). 
Percentage differences of vertical stress parameters between flexion, neutral and 
extension postures are summarised in Table 3.8. 
Posterior annulus stress increases in extension were highest for levels C67 and 
CM. For flexion, increases were observed at levels C23, C34, C67, and CM where the 
increase was highest. Levels C45 and C56 showed a decrease in maximum posterior 
annulus stress when in flexion. 
Nucleus pulposus pressure increases in extension were highest at lower cervical 
levels, and at C45, nucleus pressure actually decreased. In flexion, levels C23, C67 and 
CM showed increases in nucleus pressure, whereas levels C34 to C56 showed a 
pressure decrease. 
Stress gradient in the nucleus did show changes with posture. To interpret the 
percentage differences from Table 3.8 one has to remember that values of stress gradient 
for neutral position were negative (Chapter 2). So, positive percentage differences 
actually mean that the gradient decreased, and negative percentage differences mean that 
it increased. For example, at level C23 stress gradient for neutral position 
was - 17.5 MPa/mm, for flexion it was 10.3 MPa/mm and extension -36.5 MPa/mm, so the 
percentage differences were -158.8% and 109.0% respectively. Generally, flexion 
reversed the gradient seen in the neutral posture, whereas extension tended to make the 
gradient bigger. Note that for single specimens tested at C34 and C67 levels results might 
be unreliable. The largest changes were observed for levels C45, C56 and C67. 
Anterior annulus stress increases in flexion were highest at levels C23 and CM 
(Table 3.8). Surprisingly levels C56 and C67 showed a decrease in anterior stress in 
flexion. In extension the anterior stress usually decreased, although it increased slightly at 
C23 and in the single C34 specimen. 
Example stress profiles illustrating the effect of posture change at level C23 are 
shown in Figure 3.2, and at level OTI in Figure 3.7. 
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Table 3.8 Percentage differences in (vertical) stress distributions for different postures, grouped for each 
cervical level. 
Level No Posture PA [MPal 
I NPIMI'al S(; IMPa/mml AAIMPal 
9 Flexion 
1 
3.4 Oo 12.6 Oo -159 0, ) 110.2 00 
C23 9 Neutral 0.0 % 0.0 00 0 ()0 0.0 00 
9 Extension 23.4 % 8.0 00 1 109 00 1.4 00 
I Flexion 3.0% -1.6 00 51 21.2 00 
C34 I Neutral 0.0% 0.0 0() () 00 0.0 00 
I Extension 13.6 9"0 1.1.4 00 -44 "0 18.9 00 
4 Flexion -8.3 % -0.2 00 -98 00 1.0 00 
C45 4 Neutral 0.0 0/0 0.0 00 () (10 0.0 00 
4 Extension 
I 
38.2 % -10.8 "o 418 (", -22.0 00 
3 Flexion - 15.0 00 -5.8 0. 419 00 - 15.6 
00 
C56 3 Neutral 0.0 '0 0.0 (10 0 00 0.0 */0 
3 Extension 1 19.4 00 9.7 00 262 00 -12.6 
00 
I Flexion 10.9 0/0 1 
17.0 00 -.; 8 ()o -S. 8 00 
C67 2 Neutral 0.0 0,0 
1 
1 0.0 00 () 00 0.0 '0 
I Extension 58.6 00 17.2 00 -116 00 -37.8 00 
7 Flexion 26.8 00 32.8 `0 -()i 00 30.8 00 
CM 8 
r 
Neutral 0.0% 0.0 (10 00 1 
0.0 PO 
7 Extension 54.8 % 
I 1 
17.1 00 135,00 -7.6 0/0 
F67 C7T1 grade2 
-+50 
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Figure 3.7 Effect of posture on vertical components of moderately degenerated disc. 
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3.3.2 Gender dýfferences 
In flexion, there were statistically significant gender differences between stresses 
recorded in posterior annulus and nucleus, for both vertical and horizontal stresses (Table 
3.9, Table 3.10). Additionally there was a significant difference in the anterior annulus for 
horizontal stresses. Always, average male stresses were lower then female (Figure 3.8). 
For both genders in flexion, the average vertical anterior annulus stress was higher then 
nucleus pressure and posterior annulus stress. 
Table 3.9 Vertical stresses in flexion, grouped according to gender - average values (SEM). 
Sex No t PA [MPa] "NP[MPa] SG 10-33 [MPa/mm] AA [MPa] 
F 
1 
10 1.77 (0.18) 1.75 (0.20) 
1 
18.8 (26.9) _ 2.03 (0.24) 
m 15 1.20 (0.10) 1.17 (0.10) -6.3 (3.2) 1.73 (0.16) 
significant ANOVA p<0.01 
Table 3.10 Horizontal stresses in flexion, grouped according to gender - average values (SEM). 
Sex No t PA [MPaj tNP[MPaj SGIO-"[MPa/mml tAA[MPal 
F 
l 








m 15 1.24 (0.09) 1.18 (0.10) -1.5 (33.2) 1.30(0.10) 
t significant ANOVA p<0.05 
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Figure 3.8 Gender differences in vertical stress distribution, in flexion - average values (SEM). 
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In extension there were statistically significant gender differences between stresses 
recorded in nucleus and anterior annulus for vertical and horizontal stresses (Table 3.11, 
Table 3.12). Always, average male stresses were lower then fernale (Figure 3.9). In 
extension for both genders, the average vertical posterior annulus stress was higher then 
nucleus pressure and anterior annulus stress. 
Table 3.11 Vertical stresses in extension, grouped according to gender average values (SEM). 
Sex No PA [MPal 'NP[MPal SGIO-3IMPaninil 'AAIMPal 
I 
F 10 1.97 (0.18) 1.63 (0.18) -34.4 (10.3) 
1 1 
1.76 (0.17) 
M m 15 1.71 (0.15) 1.15 (0.15) -41.0 (20.7) 1.24 (0.16) 
T significant ANOVA p<0.05 
Table 3.12 Horizontal stresses in extension, grouped according to gender average values (SEM). 
Sex No PA[MPa] "NP[MPal SGIO-"[MPa'mmj 'AAIMPa] 
F 
1 





M 15 1.67 (0.14) 1.13 (0.14) -42.1 (15.5) 1.08 (0.14) 
significant ANOVA p<0.05 









Figure 3.9 Gender differences in vertical stress distribution, in extension - average values (SEM). 
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Extension produced the greatest changes in the posterior annulus in both genders 
(Table 3.13). The increase was higher in male discs. 
Nucleus pressure increased in extension and flexion for both genders. The biggest 
increase occurred in flexion. 
Stress gradients also showed changes with posture. For females the biggest changes 
occurred in flexion, whereas for males it was in extension. 
Changes of vertical anterior annulus stress showed the highest increase in flexion 
for both gender, being the highest for male. In extension the anterior stress was decreased. 
Table 3.13 Percentage differences in (vertical stress distribution for different postures, grouped according 
to gender. 
Gender No I Posture PA [Wal NP [MPa] SG [MPa/mml AA [MPal 
- 10 Flexion 7.0% 13.5 % -227% 6.7 
r/o 
Female 10 Neutral 0.0% 0.0% 0% 0.0% 
10 Extension 18.9% 6.3% 132% -7.2% 
15 Flexion 4.0% 12.2% 49% 28.1 % 
Male 17 
1 1 
Neutral 0.0% 0.0% 0% 0.0% 
15 Extension 47.5% 10.1 % 234% -8.4% 
3.3.3. Disc degeneration 
In flexion there were no overall statistically significant differences for stresses in 
functional regions or for nucleus stress gradients (Table 3.14, Table 3.15). However, the 
lowest stresses occurred in grade 4 discs, in all regions and in both directions. 
Table 3.14 Vertical stresses in flexion grouped for disc degeneration - average values (SEM). 
Grade No PA [MPa] NP [MPa] SG 10-3 [MPa/mml AA [MPal 
1 3 1.04 (0.20) 1.01 (0.17) -4.7 (2.4) 1.85 (0.17) 
2 12 1.53 (0.18) 1.47 (0.17) -116.8 (6.5) 1.93 (0.22) 
3 8 1.59 (0.14). 1.59 (0.20). 32.4 (30.1) 1.95 (0.23) 
4 2 0.78 (0.06)1 0.79 (0.03)1 25.4 (31.6) 
1 
0.97 (0.16), 
Table 3.15 Horizontal stresses in flexion grouped for disc degeneration - average values (SEM). 
Grade No PA [MPa] NP[MPa] SGIO*3[Mpa/MM, AA [MPa] 
1 3 1.11 (0.19) 1.02 (0.18) -7.1 (5.7) 1.00 (0.137 
2 12 1.57 (0.16) 1.48 (0.16) -11.2 (6.0) 1.64 (0.14) 
3 9 1.56 (0.15)1 1.57 (0.19)1 34.5 (35.1) 1 1.66 (0.21) 
4 2 0.85 (0.01)1 0.81 (0.03)1 17.9 (15.9) 1 0.90 (0.01) 
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In extension there were also no overall statistically significant differences for 
stresses in functional regions or for nucleus stress gradients (Table 3.16, Table 3.17). 
However nucleus pressure fell only to 0.5 MPa in grade 4 discs in extension. 
Table 3.16 Vertical stresses in extension grouped for disc degeneration - average values (SEM). 
. 
Grade No PA [MPa] NP[MPa] sGlo-3[Mpa/mml AA[MPal 
1 3 1.55 (0.31) 1.26 (0.58) -7.2 (3.5) 1.79 (0.66) 
2 12 1.93 (0.15) 1.58 (0.15) -24.4 (9.3) 1.58 (0.16) 
-3 
1 81 1.86 (0.24)1 1.21 (0.18)1 -74.5 (35.9) 1 1.32 (0.18) 
41 21 1.30 (0.45)1 0.51 (0.26)1 -24.6 (5.0) 1 0.64 (0.36) 
Table 3.17 Horizontal stresses in extension grouped for disc degeneration - average values (SEM). 
Grade No PA [MPa] NP [MPal SG 10-3 [MPa/mml AA [MPal 
1 3 1.75 (0.32) 1.26 (0.55) -17.5 (8.0) 1.22 (0.53) 
2 12 1.87 (0.15) 1.60 (0.15) -25.4 (9.4) 1.60 (0.16) 
31 8 1.77 (0.24), 1.21 (0.17), -64.3 (23.3) 1.13 (0.16) 
41 2 1.26 (0.42)1 0.49 (0.27)1 -81.4 (52.6) 0.42 (0.29) 
Extension increased stresses most in the posterior annulus, especially in grade I 
discs (Table 3.18). Flexion had more variable effect. 
Nucleus pulposus pressure changes in extension were also variable but in flexion 
they tended to increase. 
Stress gradients in the nucleus changed with posture, especially in grade 3 and 
grade 4 discs. 
Table 3.18 Percentage differences in (vertical stress distributions for different postures grouped for disc 
degeneration. 
Grade No Posture I PA [MPa] NP [MPa] SG [MPa/mml AA [MPal 
3 Flexion 6.9% 6.3 % -21% ITO % 
1 3 Neutral 0.0% 0.0% 0% 0.0% 
3 Extension 58.9% 33.2% 21 % 10.5% 
12 Flexion 4.0 % 9.2% 45% 19.5% 
2 12 Neutral 1 0.0% 0.0% 0% 0.0% 
12 Extension 3 1.1 % 17.5% 110% -1.8% 
8 Flexion 14.6% 27.6% -281 % 25.8% 
3 10 Neutral 0.0% 0.0% 0% 0.0% 
8 Extension. 34.0 % -2.5% 316% -15.1 % 





0.0% 0.0% 0% 0.0% 
2 Extension 47.5 % -35.8 % 137% -42.7% 
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Anterior annulus stresses increased in flexion in all but the two grade 4 discs. In 
extension, anterior annulus stresses decreased in all but the three grade I discs (Table 
3.18). 
The effect of posture on stress distributions in individual discs of varying grades of 
degenerations are shown in Figure 3.10 - Figure 3.13. 
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Figure 3.11 Effect of posture on (vertical stress profiles in a moderately degenerated disc. 
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3.3.4. Aging 
For reasons discussed in section 2.3.5 (Chapter 2) older discs (age > 65 yrs) were 
compared with younger discs (age -< 
65 yrs). In flexion age had no significant effect on 
any functional region according to ANOVA (Table 3.19). Flexion tended to concentrate 
stress on the anterior annulus more in older then younger discs (Figure 3.14). 
Table 3.19 Vertical stresses in flexion, grouped according to age - average values (SEM). 
Age No PA [MPa] NP [MPal SG 10`3 [MPa/mm] AA [MPa] 
:5 65 yrs 12 1.49 (0.15) 
1 
1.42 (0.14) -13.2 (6.9) 1.68 (0.18) 
> 65 yrs 13 1.38 (0.16) 1.38 (0.18) 19.4 (19.3) 2.00 (0.20) 
P. 
2.5 
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Figure 3.14 Age differences in vertical stress distributions in flexion - average values (SEM). 
In ýýxtension there were also no statistically significant age differences between 
stresses recorded in all functional regions (Table 3.20). For both age groups, extension 
generated maximum stresses in the posterior annulus, and the tendency to unload the 
anterior annulus and nucleus was more pronounced in the older discs (Figure 3.15). 
Overall, disc stresses in extension were lower in the older discs. 
Posture-induced changes in (vertical) stresses in comparison to the neutral posture 
were greater in older discs (Table 3.21). Stress gradients, and maximum stresses in the 
anterior annulus, were markedly influenced by posture, in older discs, but less in younger 
discs. 
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Table 3.20 Vertical stresses in extension, grouped according to age - average values (SEM). 
Age No PA [MPal NP [MPa] SG 10-3 [Mpa/mml AA [MPal 
5 65 yrs 12 1.90 (0.14) 1.54 (0.14) -27.0 (9.5) 1.66 (0.16) 
> 65 yrs 13 1.73 (0.19) 1.15 (0.19) -48.8 (23.3) 1.25 (0.19) 
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Figure 3.15 Age differences in vertical stress distributions in Extension - average values (SEM). 
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Figure 3.16 Effect of posture on vertical stress profiles in a non-degenerated disc. 
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Table 3.21 Percentage differences in (vertical stress distributions for different postures grouped according 
to age. 






!5 65 12 Neutral 0.0% 0.0% 0% 0.0% 
12 Extension 31.1 % 16.3 % 118% 12.9% 
13 Flexion 9.3% 21.1% -240% 23.4% 
> 65 15 Neutral 0.0% 0.0% 0% 0.0% 
13 Extension 37.7% 1.1 % 251 % -22.8% 
3.3. s. Multipk regression 
Influences of level, gender, degeneration, and age on various stress profile features 
in 
_flexion are summarised 
in Table 3.22 and Table 3.23 for vertical and horizontal 
profiles respectively. They show that the posterior annulus stress and nucleus pressure 
were reduced at lower cervical spine levels. Also, lower stresses were recorded in male 
motion segments compared to female for both vertical and horizontal profiles. 
Table 3.22 Multiple regression coefficients for vertical stress profiles in flexion. 
Level 
r2 Constant (scale I (C23) 
II 
to 6 (OT I)) 
Gender I Degeneration I Age 
(F=O, M=I) I (scale I to 4) 1 (yrs) 
IPA [MPa] 0.46 **2.17 *-0.11 *-0.51 -0.12 0.003 
NP [MPal 0.45 **2.03 *-0.12 *-0.51 -0.10 0.005 
SG 10-3 [MPa/mml 0.13 -20.00 0.00 -16.00 21.00 0.000 
AA [MPa] 0.20 (*)1.81 -0.06 -0.40 (*)-0.40 0.022 
significant ANOVA 
t p<0.05; significant coefficients: * p<0.05, ** p<0.01; trends are marked by 
P<O. I 
Table 3.23 Multiple regression coefficients for horizontal stress profiles in flexion. 
Level 
Constant (scale I (C23) 
to 6 (OT 1)) 
Gender I Degeneration I Age 
(F=O, M= 1) 1 (scale I to 4) 1 (yrs) 
IIPA [MPal 0.51 1 **2.34 *-0.11 *-0.47 -0.12 0.001 
IINP [MPal 0.48 **2.09 *-0.12 *-0.49 -0.11 0.004 
SG 10 -3 [MPa/mml 0.08 -39.00 -1.00 -12.00 16.00 0.000 





" p<0.0 1; significant coefficients: * p<0.059 * p<0.0 1; trends are marked by 
P<O. I 
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Influences of level, gender, degeneration, and age on various stress profiles features 
in extension are summarised in Table 3.24 and Table 3.25 for vertical and horizontal 
profiles respectively. They show that the posterior annulus stresses and nucleus pressure 
were reduced down the cervical spine for vertical profiles. The pattern was similar for 
horizontal profiles, but additionally anterior annulus stress showed sipificant reduction. 
Male motion segments had lower stresses than female for nucleus pressure and 
anterior annulus stress, for both orientations. 
Nucleus pressure and anterior annulus stress decreased significantly with increasing 
grade of disc degeneration (Table 3.25). 
Table 3.24 Multiple regression coefficients for vertical stress profiles in extension 
Level 
r2 Constant (scale I (C23) 
II 
to 6 (OT I)) 
Gender I Degeneration I Age 
(F=O, M=1) I (scale I to 4) 1 (yrs) 
PA [MPa] 0.31 1 **2.38 *-0.14 -0.17 -0.13 0.005 
ttNP [MPal 0.54 "3.20 *-0.12 *-0.49 (*)-0.29 -0.008 
SG 10,3 [mpa/mm] 0.11 
1 
46.00 5.00 -19.00 -18.00 -1.000 
ttAA [MPa] 0.51 "3.65 -0.04 **-0.62 (*)-0.33 -0.015 
significant ANOVA " p<0.01; significant coefficients: * p<0.05, ** p<o. o I, " p<0.001; trends are 
marked by (*) p<O. I 
Table 3.25 Multiple regression coefficients for horizontal stress profiles in extension. 
Level 
Constant (scale I (C23) 
I 
to 6 (C7TI)) 
Gender I Degeneration I Age 
(F=O, M=I) I (scale I to 4) 1 (Yrs) 
tPA [MPal 0.37 1 **2.61 *-0.15 -0.18 -0.19 0.003 
"NP [MPal 0.59 "3.30 *-0.11 **-0.55 *-0.30 -0.008 
SG 10-3 [Mpa/mMI 0.24 
1 
12.00 5.00 -19.00 (*)-30.00 0.000 
"3.3 8 tttAA [MPal 0.62 
s ign i ficant ANO VA t p<0.05, tt p<O. 0 1, 
p<0.00 1; trends are marked by (*) p<O. I 
1 
*-0.11 **-0.58 *-0.34 
ttt p<0.00 I; s ignificant coe ffic ients: * p<O. 0 5, 
-0.009 
P<O -01, 
Age appeared to have no influence on any stress profile features in either vertical or 
horizontal profiles, in flexion or extension. 
In all multiple regression models, the extra coefficient relating to the applied flexion 
(and extension) angle resulted in a very small non significant change in the model r2 
presented in the above Tables. 
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3.3.6. Interactions between posture, level, gender, degeneration, and age 
A mixed design ANOVA showed only one significant interaction for within-subject 
effects, and that was for posture x level x gender for the posterior annulus vertical stress 
(p<0.05). 
The interaction terin (posture x level x gender) for posterior annulus stress was 
significantly different between neutral and extension postures (p<0.01). The results 
revealed that for female specimens there was a variable effect of posterior annulus stress 
when changing from neutral to extension posture, at different cervical levels (Figure 3.17 
TOP). The biggest increase in posterior annulus stress was at C7TI. Posture had virtually 
no effect at C23 and C56. 
Male specimens, when changing from neutral to extension, showed a variable 
increase of posterior annulus stress at all cervical levels (Figure 3.17 BOTTOM). Tle 
biggest stress increases were observed at C23 and C45, and they were always bigger than 
for female specimens at the same levels. The smallest posterior annulus stress increases 
for male specimens were at C34 and C7TL Values at the C7TI level were smaller for 
male than for female specimens. 
The between-subject effects for vertical stress profiles are summarised in Table 3.26. 
The interaction between gender and degeneration for nucleus pressure (vertical 
profiles) was significant (Table 3.26). For female specimens, nucleus pressure decreased 
with increasing degeneration, but for male specimens it increased up to grade 3 and 
decreased for grade 4 (Figure 3.18). 
There were significant interactions tenns gender x degeneration, and 
level x gender x degeneration for anterior annulus vertical stresses (Table 3.26). These 
interactions were similar to those shown in Figure 2.32 and Figure 2.33, respectively. 
The within-subject effects did not yield any significant results for horizontal stress 
profile parameters. 
The results of between-subject significance for horizontal stress profiles are 
summarised in Table 3.27. 
There was a significant between-subject effect of level for posterior and anterior 
stresses (Table 3.27). Posterior stress was significantly lower at OTI compared to C23 
(p<0.01). The results corrected for age showed pattern similar in manncr to that presented 
in Table 3.5. 
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The effect of level for anterior annuls stress was also significant and showed a 
similar pattern to posterior annulus stress. The difference was that anterior annulus stress 
was 9 to 17% lower in comparison to posterior. Anterior stresses at C45 and CTFI levels 
were significantly lower than at C23 (p<0.05 and p< 0.01, respectively). 
The significant interaction term gender x degeneration for posterior annulus stress, 
nucleus pressure, and anterior annulus stress were very similar to that presented in Figure 
3.18. The difference was that the posterior annulus horizontal stress values were larger. 
Female 
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Figure 3.17 Posterior annulus vertical stresses depended variably on posture and cervical level for female 
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Table 3.26 Significance table of between-subject effects of mixed design ANOVA, for vertical stress 
profiles (bold: p<0.05, underlined: p<O. 1). 
Source PA [MPal NP [MPal SG [MPa/mm] AA [MPa] 
Intercept 0.063 0.025 0.816 0.006 
Age 0.678 0.233 0.691 0.066 
Level 0.218 0.165 0.608 0.243 
Gender 0.139 0.111 0.180 0.060 
Degeneration 0.408 0.406 0.209 0.543 
Levelx Gender 0.118 0.776 0.234 0.208 
Levelx 
Degeneration 
0.481 0.167 0.631 0.102 
Gender x 
Degeneration 
0.056 0.025 0.214 
I 
0.017 
Level x Gender x1 
Degeneration 














Figure 3.18 Nucleus vertical pressure depended on gender and disc degeneration - average values corrected 
for age (SEM). 
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Table 3.27 Significance table of between-subject effects of mixed design ANOVA, for horizontal stress 
profiles (bold: p<0.05, underlined: p<O. 1). 
Source PA [MPa] NP [MPal SG [MPa/mml AA [MPal 
Intercept 0.025 0.016 0.847 0.003 
Age 0.534 0.168 0.708 2.. 065 
Level 0.048 0.134 0.780 0.029 
Gender 0.107 0.097 0.617 0.058 
Degeneration 0.296 0.337 0.953 2.. 096 
Level x Gender 0.417 0.728 0.778 0.368 
Level x 
Degeneration 
0.173 0.154 0.479 0.094 
Gender x 
Degeneration 0.007 0.022 
0.255 0.015 
Level x Gender x 
Degeneration 
I 
0.664 0.250 0.241 0.135 
3.4. Discussion and conclusions 
The stress profilometry technique was able to show how flexion and extension 
influence stress distributions in cervical intervertebral discs. 
One possible limitation of posture measurements was influence of the variable 
flexion (and extension) angles applied. However this did not have significant effect on 
any features of stress profiles obtained (as revealed by multiple regression). 
The overall effect showed increased anterior annulus stress when specimens were in 
flexion. This was true for all comparisons apart from the discs from level C56 and C67 
and for the two most degenerated (grade 4) discs. Although the stress distribution did not 
show large p6stero-anterior differences at the C23 level (Figure 3.10) large anterior stress 
peaks often occurred in flexion at lower levels, especially CM as shown on Figure 3.7 
and Figure 3.16. - A similar trend was seen for high anterior annulus stresses in extension. 
Nucleus showed increasing pressure for flexion and extension apart from middle 
cervical, levels and for the most degenerated discs. The functional nucleus showed stress 
gradients which changed with posture, especially in older and more degenerated discs. 
E xtension significantly reduced ftinctional nucleus width in comparison to the neutral 
posture, and there was a small nucleus width reduction in flexion as well. These results 
suggest that posture influences the ability of the nucleus to equalize stress over long 
distances. This could be due to flexion and extension postures reducing the 'slack' in 
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collagen fibres in the nucleus, inhibiting small movements of tissue that would, in the 
neutral posture, help to equalize stress. 
Flexion/extension relationships - in cervical discs - show important differences 
with lumbar discs, possibly reflecting morphological differences. Lumbar intervertebral 
discs have relatively thick posterior annulus fibrosus which often show high stress 
concentrations in extension (Adams et al. 2000). In the cervical discs, extension causes 
only moderate stress increases in the posterior annulus even at the C7T I level which most 
resembles lumbar discs (Figure 3.16). This difference should be attributable to posterior 
annulus being very thin in cervical disc therefore acting to resist tension in flexion rather 
then compression in extension. 
Old and degenerated cervical discs generally show lower stresses in the nucleus and 
anterior annulus when loaded in extension (Table 3.18 and Table 3.21). A similar 
tendency is seen in lumbar discs, and can be attributed to load-bearing by the neural arch 
(Adams et al. 1994). However, extension increases measured stresses in these regions in 
younger cervical discs, suggesting that extension can generate high tensile forces in the 
outer annulus of cervical discs. A similar mechanism may explain why cervical discs 
subjected to larger flexion and extension angles both increase pressure in the nucleus. 
Gender influenced the manner in which extension affected the posterior annulus 
stresses across the cervical spine. For female specimens, posture does not appear to 
influence vertical stress profiles at the C23 level (Figure 3.17 TOP). However for male 
specimens, posterior annulus stresses increased in extension compared to neutral posture 
(Figure 3.17 BOTTOM). 
This investigation shows that morphological disc differences between cervical and 
lumbar discs have to be taken seriously in to account in modelling cervical intervcrtebral 
discs. 
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Chapter 4. Compressive creep model of cervical intervertebral discs 
4.1. Introduction 
The aim of this chapter is to quantify time-dependent creep deformation of cervical 
motion segments and characterise it using the three-parameter viscoelastic model. Also, to 
investigate how these properties change along the cervical spine, how they depend on 
gender, disc degeneration and age, and how the duration of creep affects parameters of 
the model, and hence the evaluation of material properties. Results will be compared with 
published results for thoracic and lumbar discs. 
As a consequence of its chemical composition and structural organisation, the 
intervertebral disc demonstrates viscoelastic (time-dependent) behaviour in response to 
mechanical loading. This behaviour can be attributed to the intrinsic properties of the disc 
tissue and changes in fluid content in the disc (Adams and Hutton 1983). 
Many researchers have studied the viscoelastic behaviour of the thoracic and 
lumbar intervertebral discs under prolonged loading, and several have interpreted their 
results in terms of the three-parameter viscoelastic model. However there is no such study 
investigating viscoelastic properties of human cervical discs. 
A three-parameter viscoelastic model, schematically shown on Figure 4.1, 
comprises a spring (EI) connected in parallel to a dashpot (, qj), with a second spring (ED 
connected in series, El and E2 are viscous and elastic Young's moduli respectively, and iii 
is the viscosity coefficient. For the constant stress condition, the strain solution given by 
Fl agge (1975) is represented by the equation: 
c(t) = A, (I - e-; It) + A2e-At 
where A,, A2, and X, are model parameters. As derived by Bums et al. (1984) the 
Young's moduli and viscosity coefficient can be expressed by the model parameters, and 
are given by the following equations 




E2 = ýýO- [Pa] (43) A2 
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co E 
171 =. =ax s] (4.4) MAI -A2) 
Figure 4.1 Schematic representation of three-parameter viscoelastic model (Keller et al. 1987). 
Keller et al. (1987) proposed two further ways of describing material properties in 








and creep rate 
EI 
= ý['] (4.6) 
171 
In order to comparc data from different experiments it is essential to find 
expressions which are not dependent on the dimensions of the disc, or on the errors of 
measurements. Expressing strain as a ratio of height change (Ah) and its initial height (ho), 
Equation 4.1 becomes: 
c(t) = 
Ah 
=, -e-, ý')+A2e-'ý' (4.7) ho 
hence the model equation for change of height (Ah) can be written 
Ah = B, (I - e-'ý') + B2e-'ý'[mm] (4.8) 
where X, is unchanged model parameter and BI, 132 are new model parameters. 
Those new parameters are related to A,, A2 in the following way 
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B, 
=Aj (4.9) ho 
L2 
=A2 (4.10) ho 










It is clear that initial disc height (ho) does not play a role in the Equation 4.11. 
Stiffness ratio (4.5) and creep rate (4.6) proposed by Keller et al. (1987), are 
independent of the area and initial height (ho) of the disc. These parameters are therefore 
suitable for comparing data with other researchers. 
Bums et al. (1984) investigated male human thoracic and lumbar discs exposing 
them to 8 hours of static loading. It was shown that three parameter model gave cxcellent 
approximation to the experimental creep data. 
Keller et al. (1987) investigated lumbar discs under 30 minutes of static loading, 
finding no differences with spinal level within this region. There were no statistically 
significant sex differences, but a strong trend of higher creep rate for female discs was 
noted. Lumbar discs from old and more degenerated motion segments tended to creep 
more rapidly than those from younger and less degenerated discs. 
Li et al. (1995) showed significant differences between male thoracic and lumbar 
material properties, which were exposed to I hour of static loading. It was found that 
creep rate for thoracic discs was higher than for lumbar. 
4.2. Materials and methods 
Forty-one human cervical motion segments aged 48-89yrs (average 70.5yrs), were 
used to collect and quantify the creep curves. 
4. Zl. Specimen preparation 
A detailed description of specimen preparation is in Chapter 2. 
The main creep test followed the tests described in Chapter 2 and Chapter I After 
the first stage of experiment, most samples were kept in a refrigerator at 30 C over night. 
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To minimise dehydration they were wrapped in moist paper towels and put in a plastic 
bag for the time of storage. The next day, after the specimen was taken out of the 
refrigerator, a minimum half an hour period was taken before starting the tests, to allow 
the disc to warm up. 
4. ZZ Measurement setup 
For a detailed description of equipment used during the tests please refer to 
Chapter 2. 
4.23. Loading conditions 
The main creep test was performed by subjecting each specimen to 150 N 
compressive load for 7200 s (2 hours), while specimens were in the neutral position 
(rollers of equal height: Figure 2.8). During the creep test, specimen height was recorded 
at 0.07 Hz by the displacement of the actuator of the testing machine. To minimise 
dehydration, a moist paper towel was wrapped around the motion segment throughout the 
testing period. The constant load of 150 N was applied using linear ramp loading regime, 
lasting 5s. 
4. Z4. Evaluation of modelparameters and materialproperties 
In order to evaluate model parameters and material properties, strain and stress 
values were essential. Initial disc height and area were obtained from antero-posterior and 
lateral digitized radiographs of motion segments, taken before they were mounted. Initial 
disc height was calculated as an average of the anterior annulus and nucleus disc heights. 
Area was calculated from the antero-posterior (a) and lateral (b) dimensions of the 
superior endplates, using the equation for the area of an ellipse (; r xaxbl4). 
Each of the creep curves - time v. strain - was fitted to the nonlinear 
three-parameter viscoelastic model, schematically shown on Figure 4.1 and given by the 
equation 4.1, using SPSS program version 11.5 for Windows. 
A Levenberg-Marquardt algorithm was applied to evaluate equation parameters. 
This algorithm was used successfully by other researchers (Bass et al. 1997, Dhillon et 
al. 2001) to converge creep data, although for a different nonlinear model. The 
Levenberg-Marquardt algorithm allows controlling parameters convergence and 
sum-of-squares convergence. 
Relative tolerance was set to be less then 10'8 between two 
consecutive iterations. 
Other researchers (Keller et al. 1987 and Li et al. 1995) used a less 
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strict criterion for parameters convergence; that it should be less than 10-6. After reaching 
the convergence criterion, the model calculation was stopped giving results of model 
parameters, r2, predicted values, and residuals. 
4. Z5. Statistical analysis 
For all material parameters, statistical differences were determined with a One-way 
ANOVA. Additionally when level and disc degeneration results were analysed the 
Games-Howell pair-wise comparison was used. However, for creep duration analysis, the 
Bonferroni pair-wise comparison was applied. 
Combined effects of level, gender, degeneration, and age were investigated using 
multiple regression. Additionally, factorial ANOVA was employed to account for 
interactions between level, gender, and degeneration with age as a covariate. 
Statistical analyses were performed using SPSS program version 11.5 for Windows. 
4.3. Results 
A typical creep curve is shown in the Figure 4.2. Average stress applied to 
specimens (150 N divided by endplate area) was 0.46 MPa (range 0.27-0.72 MPa). 
Creep on average decreased disc height by 14.5% (range 6.3-26.1%). In its 
'instantaneous' phase height loss was 5.6% (range 2.5-12.1%) and in the 'creep' phase 
8.9% (range 2.6-16.6%). There was no evidence that any specimen reached a crecp 
equilibrium within 2h test, although in many cases the rate of creep was slowing at the 
end of this period. 
4.3.1. Modelfit 
The strain-time response predicted by the three parameter viscoelastic model in 
general was in very good agreement with experimental data (Figure 4.3). The average 
absolute error was always less then 2%, and r2>0.98. However during the initial 
("instantaneous") deformation, model prediction was less accurate (see enlarged part of 
graph on Figure 4.3). The model on average overestimated initial experimental strain data 
by 18% (range 5-35%). 
92 
Chapter 4. Compressive creep model of cervical intervertebral discs 







- ------------------------------------ 0.2 
Instantaneous deformation 
0 
0 1000 2000 3000 4000 5000 6000 7000 8000 
Time Isl 
Figure 4.2 Typical creep curve recorded during the experiment. 
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Figure 4.3 A comparison of experimental data with the prediction of the three-parameter model. The 
enlarged part of the graph shows overestimated initial strain. 
4.3.2. Variation with spinal level 
There were significant level differences for the F--, parameter (instantaneous 
modulus) (Table 4.1). For level C23, E2 was significantly different from levels C56 and 
C7T I. Stiffness ratio E21E I showed an overall dependence on spinal level to ANOVA, but 
there were no particular significant differences between individual levels. 
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Other parameters did not show any statistically significant lcvel differences, 
although some trends were observed. The viscous modulus E, decreased from level C23 
down to C67 (Figure 4.4). A similar pattern was observed for E2 modulus but only down 
to level C56. E2 modulus was always higher then El, although in the level CM the 
difference was very small. Viscosity ill for levels C34, C45 and C56 was lower than for 
levels C23, C67 and CM (Figure 4.5). 
The calculated stiffness ratio E2/El showed a fluctuating pattern (Figure 4.6). Levels 
C23, C45, and C67 had higher values than levels C34, C56 and C 7T 1. 
The slowest creep rate EI/ill, was observed at C67 followed by CM and C23 
(Table 4.1, Figure 4.7). Level C56 was creeping faster with a creep rate 73% higher than 
at C67. 
Table 4.1 Material properties predicted by the three-parameter model presented according to spinal level - 
average values (SEM). 
Level No E, [MPa] t E2 [MPa] q, [GPaxs] t E2/Ej E, /q, 10-'[1/sl_ 
C23 11 5.10 (0.63) 10.27 (0.67) 29.13 (4.37) 2.29 (0.31) 0.226 (0.042) 
C34 3 4.77 (0.81) 7.78 (0.58) 18.70 (0.71) 1.70 (0.20) 0.254 (0.040) 
C45 6 4.23 (0.95) 7.80 (0.63) 17.73 (1.47) 2.08 (0.25) 0.246 (0.060) 
C56 8 4.10 (0.51) 5.44 (0.80) 16.42 (2.30) 1.35 (0.12) 0.273 (0.041) 
C67 4 3.12 (0.41) 8.17 (1.42) 22.80 (5.08) 2.80 (0.73) 0.158 (0.033) 
CM 9 5.86 (1.13) *6.36 (0.73) 29.83 (4.91) 1.36 (0.23) 0.197 (0.024) 
f significant ANOVA p<0.05; * levels significantly different from C23 p<0.05 












Figure 4.4 Distribution of material properties within the cervical spine - average values (SEM). 
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Figure 4.5 Distribution of viscosity within the cervical spine - average values (SEM). 









Figure 4.6 Distribution of stiffness ratio within the cervical spine - average values (S[--. M). 
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Figure 4.7 Distribution of creep rate within the cervical spine - average values (SEM). 
4.3.3. Gender differences 
Gender had only a small influence on El and TI, (1% and 2% respectively) as shown 
in Table 4.2. The E2 parameter was 12% lower for male specimens, (Figure 4.8) but this 
was not significant (p=0.24). 
The stiffness ratio E2/Ej was 17% lower for males in comparison to females (Figure 
4.9), yet the difference was not statistically significant (p=0.20). Creep rate EI/T11 was 6% 
lower in males than in females, but also did not reach significance (p=0.68). 












Figure 4.8 Gender comparison for Young's moduli and viscosity - average values (SEM). 
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Table 4.2 Material properties predicted by the three-parameter model presented according to gender - 
average values (SEM). 
Sex No E, [MPaj E2 [MPa] q, [GPaxs] E2/El Ej/iqj 10- [1/s] 
F 19 4.68 (0.59) 
1 
8.26 (0.70) 23.63 (3.32) 2.08 (0.26) 0.235 (0.028) 
m 22 4.77 (0.45) 7.26 (0.50) 23.86 (2.14) 1.71 (0.15) 0.220 (0.023) 
Stiffness ratio, creep rate 











Figure 4.9 Gender comparison for stiffness ratio (E, /El) and creep rate (EI/qj) - average values (SEM). 
4.3.4. Disc degeneration 
There were statistically significant differences for E2 parameter and creep rate EI/11, 
according to ANOVA (Table 4.3). E2 decreased steadily from 9.97 MPa for grade I disc 
to 5.38 MPa for grade 4 discs, and the difference between grade I and grade 4 were 
significant. The viscosity ill also showed decreasing tendency with increasing grade of 
disc degeneration. These differences and trends are illustrated in Figure 4.10. 
The stiffness ratio E2/El was approximately 42%, lower for grade 4 discs compared 
to grade 2 (Table 4.3, Figure 4.11). On the other hand the creep rate EI/711 of grade 4 discs 
was 130% higher than for grade I (Table 4.3, Figure 4.11). 
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Table 4.3 Material properties for disc degeneration predicted by model - average values (SEM). 
Grade No El [MPaj t E2 [MPaj iq, [GPaxsl E2/El [-] t El/q, 10-3 [1/sl 
1 2 5.41 (0.66) *9.97 (0.54) 32.84 (1.50) 1.86 (0.13)) 0.166 (0.028) 
2 17 5.45 (0.70) 8.71 (0.61) 27.45 (3.02) 2.00 (0.27) 0.211 (0.023) 
3 17 3.86 (0.33) 7.16 (0.64) 22.05 (2.91) 1.97 (0.20) 0.205 (0.023) 
4 5 4.91 (1.09) 5.38 (1.03) 13.34 (2.34) 1.15 (0.10) 0.381 (0.063) 
significant ANOVA p<0.05; * significantly different from grade 4 p<0.05 
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Figure 4.10 Influence of disc degenerations on material properties - average values (SEM). 
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Figure 4.11 Influence of disc degeneration on stiffness ratio (E2/El) and creep rate (El/ill) - average values 
(SEM). 
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4.3.5. Aging 
For age analysis, specimens were divided into two groups 'younger' (age <70 yrs, 
mean 58 yrs, range 48-67 yrs) and 'older' (age <70 yrs, mean 79 yrs, range 72-89 yrs) 
(Table 4.4). 
Viscosity ill was significantly different between groups being 33% lower for the 
4older' group compared to 'younger' (Table 4.4 and Figure 4.12). Stiffness ratio E2/El 
was also significantly lower in 'older' specimens, by 27% (Table 4.4 and Figure 4.13). 
On the other hand, creep rate El/ill was 47% higher for 'older' group in comparison to the 
younger'. 
Viscous modulus El showed marginal non-significant differences between the two 
age groups (Table 4.4, Figure 4.12). The same was observed when the modulus El was 
correlated with age (Figure 4.14). Elastic modulus E2 was 19% lower for the 'older' group 
compared to the 'younger', but the difference just failed to reach significance (p=0.057) 
(Table 4.4, Figure 4.12). However, E2 decreased significantly with age (Figure 4.15). 
Table 4.4 Material parameters predicted by the three-parameter model presented according to age - average 
values (SEM). 
Age No El [MPal 
E2 [MPal t q, [GPaxs] 
t 
E2/El [-] t El/q, 10-'[I/sl 




29.39 (3.56) 2.23 (0.29) 
1 
0.178 (0.017) 
>70 yrs 24 4.66 (0.40) 7.05 (0.50) 19.76 (1.66) 1.63 (0.12) 0.262 (0.026) 
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Figure 4.12 Young's moduli and viscosity for two age groups - average values (SEM). 
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Figure 4.13 Stiffness ratio (E2/Ej) and creep rate for two age groups (EI/T11) - average values (SENI). 
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Figure 4.14 Variation in viscous modulus E, with age. 
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Figure 4.15 Age dependence of elastic modulus E,. 
4.3.6. Multiple regression 
Table 4.5 summarises the results of multiple regression analyses which indicate the 
combined influences of level, gender, disc degeneration, and age on material parameters. 
Multiple regression for the E2 parameter was significant (Table 4.5) and the model 
explained approximately 50% of variance in E2- Significant contributors to the variance 
were cervical spinal level, and disc degeneration (Table 4.5). The E2 parameter was 
reduced from cranial towards caudal cervical levels. Also degeneration was decreasing E2 
with increasing grade of disc degeneration. 
Table 4.5 Multiple regression coefficients for material parameters. 
Level Gender Degeneration Age 
r2 Constant (scale I (C23) 
to 6 (C7T I)) 
(F-0, M-1) (scale I to 4) (yrs) 
E, [MPa] 0.05 *5.37 0.01 0.15 -0.79 0.018 
tt+ E2 [MPal 0.49 " 15.3 "-0.69 -0.64 *-1.35 -0-018 
1q, [GPaxsl 0.17 "43.9 0.11 0.38 (*)-5.45 -0-093 
E /E [-] 
- 
0.18 1 "3.75 1 -0.10 1 -0.34 1 -0.06 1 -0.017 
14 1 10-3 [l/Sj E 17111 10 'PA 
Y 1 
0.18 1 0.041 -0.010 -0-010 0.036 0.002 
significant ANOVA 
*" p<0.001; significant coefficients: * p<0.05, ** p<0.01, " p<0.001; trends are 
marked by (*) p<O. I 
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None of the regression models were significant for the El, ill, E2/EI, Ei/Tjj 
parameters. Variance explained by the regression models varied from 5% for E, to 
approximately 18% for all other parameters (Table 4.5). 
4.3.7. Interactions between level, gender, degeneration, and age 
Results of factorial ANOVA, where level, gender, degeneration were factors and 
age was covariate, are summarised in Table 4.6. Creep rate 131/111 depended on age and 
degeneration, being significantly greater in older discs and in grade 4 discs compared to 
grade 3 (p<0.01). There were no significant interactions. 
Table 4.6 Significance table of factorial ANOVA with age as covariate, for material parameters (bold: 
p<0.05, trend underlined: p<O. 1). 
Source Ej[MPaj jE2[MPa] lq, [GPaxsl EA11-1 EI/q, (1/sl 
Corrected Model 0.220 0.043 0.566 0.159 0.128 
Intercept 0.222 0.006 0.010 0.005 0.637 
Age 0.620 0.837 0.148 0.158 0.025 
Level 0.481 0.097 0.198 0.277 0.420 
Gender 0.588 0.776 0.454 0.543 0.192 
Degeneration 0.247 0.388 0.716 0.567 0.018 
Levelx Gender 0.676 0.579 0.547 0.213 0.148 
Levelx 
Degeneration 
0.095 0.301 0.691 0.152 0.426 
Gender x 
Degeneration 





- Level x Gender 
,x Degeneration 





4.3.8. Creep duration 
Six specimens were used to evaluate the influence of creep duration on material 
parameters estimated by the three-parameter viscoelastic model. Curve fitting was 
repeated for sub-sets of the creep data, corresponding to creep durations of 1800,3600, 
5400 and 7200 s. Viscous modulus E, decreased with increasing creep duration (Table 4.7, 
Figure 4.16), with significant differences between 1800 s and 7200 s. Elastic modulus E2 
showed a similar trend (Figure 4.16) but the differences were much smaller and none 
reach significance (Table 4.7). 
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Table 4.7 Material properties predicted by the three-parameter model for different creep duration. Data lor 
6 specimens - average values (SEM). 
Tirne [sl + E, [MPa] E2 [MPa] lql [GPaxs] + E2/EI [-] t EI/ill 10-3 [ Us] 
1800 8.29 (0.98) 9.24 (0.91) 11.71 (1.84) 1.14 (0.07) 0.740 (0.056) 
3600 6.35 (0.89) 8.86 (0.91) 14.88 (1.99) 1.44 (0.09) *0.427 (0.024) 
5400 1 5.16 (0.71) , 8.49 (0.87) , 18.15 (2.52) , *1.70 (0.12), "*0.287 (0.019) 
7200 1 *4.64 (0.57) 1 8.28 (0.85) 1 20.30 (3.04) 1*1.83 (0.10) 1 "*0.233 (0.013) 
t signifcant ANOVA p<0.05; * significant differences from 1800 s p<0.05; " significant differences from 
3600 s p<0.05 
Viscosity TI, showed the opposite trend, increasing consistently with increasing 
creep duration (Figure 4.16), although this trend was not significant. 








1800 3600 5400 7200 
Time Is I 
Figure 4.16 Influence of creep duration on Young's moduli and viscosity - average values (SEM). 
The stiffness ratio E2/Ej increased consistently with increasing creep duration 
(Figure 4.17). Values for creep times 5400 s and 7200 s were significantly dift'crent trom 
1800 s (Table 4.7). 
The creep rate EI/ill decreased consistently with increasing creep duration (Figure 
4.17) and was 218% higher at 1800 s than at 7200 s. Relative differences are shown in 
Table 4.8. Creep rate showed the greatest differences between different creep durations. 
All results in Table 4.8 were significantly different from 1800 s creep duration, and in 
addition results for 5400 s and 7200 s were significantly different from results for 3600 s. 
103 
Chapter 4. Compressive creep model of cervical intervertebral discs 









3600 5400 7200 
Time Isl 
Figure 4.17 Influence of creep duration on stiffness ratio (E2/Ej) and creep rate (Ej/qj) - average values 
(SEM). 
Table 4.8 Percentage differences between material parameters evaluated for different creep duration in 
comparison to 2 hours creep -6 specimens. 
Time [s] El E2 Th E2/El El/q, 
1800 79% 12% -42% -38% 218% 
3600 37% 7% -27% -21% 84% 
5400 11% 1 3% -11% -7% 1 
23% 
7200 1 0% 1 0% 1 0% 1 0-0 1 0% 
4.4. Discussion and conclusions 
The creep experiments measured disc creep from LVDT of the materials testing 
machine, and so deformation of the apparatus, plaster and vertebrae were all included. 
However, apparatus and plaster do not exhibit viscoelastic deformations, and so would 
have had little effect on the parameters of the model. Bone does creep (Bowman et 
al. 1998) but recent measurements of vertebral creep from our own laboratory suggest 
they are at least one order of magnitude less than disc creep (Pollintine 2006). 
Disc creep depends on disc initial hydration, and it is difficult to compare disc 
hydration at the start of the creep tests with hydration at any particular time of day in-vivo 
(McMillan et al. 1996a). However, all specimens were treated in the same manner, and 
systematic post-mortem changes in initial hydration would have had little influence on the 
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results presented. On the basis of previous work on lumbar discs (McMillan et al. 1996a) 
we suggest that the initial hydration of the experimental discs (which had all been 
sub ected to loading on the previous day and then allowed to recover overnight) was j 
roughly equivalent to hydration in-vivo during the I' half of the day. 
The effect of freeze-thaw cycles and of possible post-mortern blood clotting on disc 
creep responses have been investigated, but no definitive conclusions has been drawn. It 
appears that freeze-thaw cycles affect creep in young porcine discs but not in old human 
discs (Dhillon et al. 2001). Post-mortern blood clotting in the vertebral endplates probably 
impairs creep recovery, but does little to impair expulsion of water during creep itself. 
The material properties predicted by the three-parameter model represent gross 
mechanical responses of the combined annulus fibrosus and nucleus pulposus, also the 
apophyseal and uncovertebral joints (as tested motion segment was intact). The model 
parameters represent compressive stiffness of the wet tissue (E2) and of the drained solid 
matrix (131), and tissue resistance to flow or viscosity (q I). 
The three-parameter model predicts well the compressive creep response of cervical 
intervertebral discs. Average relative absolute error in this study was 1.1% and average 
maximum absolute error was 18%. The largest error occurred during first 200 s. In 
comparison, average relative absolute errors for thoracic and lumbar disc segments were 
0.7% and 0.5% and average maximum absolute errors were 10% and 6% respectively (Li 
et al. 1995). This suggests that creep curves change their character along the spine and the 
model fit gives more error in the cervical discs which are the smallest. Also, the large 
number of old and variably degenerated discs used in present study may have increased 
the variability of the creep response and hann model fit. However the direct comparison 
within cervical discs should not be affected as the same method was applied to all 
analysed data. 
The compressive stiffness of the drained matrix (131) showed only very small 
differences according to gender, degeneration or aging. The only consistent trend was 
noted for spinal level where El decreased steadily from level C23 to C67 (rablc 4.1). Ile 
lack of an age-dependence for El (Figure 4.14) differs from the finding!; of Keller ct 
al. 1987 in lumbar spine, who found E, to decrease in older specimens. This difference 
could be due to the larger age range studied by Keller et al. (1987), or it may reveal 
regional differences in the spine. 
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The initial (elastic) compressive stiffness of the wet matrix (E2) was significantly 
greater at C23 compared to C34, C45, and C56 (one-way ANOVA). It was also higher for 
female specimens. E2 showed a trend to decrease with increasing disc degeneration 
(Figure 4.10) and decreased steadily with age (Figure 4.15). In other words, older discs 
showed greater elastic deformations. The coefficients for gender and degeneration in 
multiple regression were also significant (Table 4.5). These influences were not 
significant in factorial ANOVA, but there was an underlying trend for E2 to be influenced 
by level (Table 4.6). 
Viscosity 91 decreased with increasing degeneration and age, probably reflecting 
the reduced proteoglycan and water content of old discs (Antoniou et al. 1996). These 
influences were not significant in multivariable analyses, either multiple regression (Table 
4.5) or factorial ANOVA (Table 4.6). However multiple regression indicated a trend for 
viscosity to decrease with increasing disc degeneration. 
The stiffness ratio E2/Ej was lower for male specimens. Also it decreased with 
increasing age (Figure 4.13), and was least in the most degenerated discs (Figure 4.11). 
The creep rate 131/ij, showed inconsistent variations with spinal level (Figure 4-7) 
and was greater in older and more degenerated discs. The combined effects of age and 
degeneration were significant in factorial ANOVA (Table 4.6), but not in multiple 
regression (Table 4.5). Old discs probably creep faster because of their reduced 
proteoglycan content: proteoglycans have an affinity for water and generate a swelling 
pressure which opposes water loss. 
Multivariable analyses yielded different results depending on the method of analysis 
applied, which limits the strength of any conclusions. For example, multiple regression 
and one-way ANOVA suggested that E2 depended on spinal level and grade of disc 
degeneration, but this was not confirmed by the factorial ANOVA. On the other hand, 
influences on EI/q, were similar in factorial ANOVA and one-way ANOVA, but not in 
multiple regression. This suggests that E2 can be described more successfully using a 
simpler model than EI/711. For other parameters, the lack of consistency in statistical 
analyses could mean that non-linear models might be more appropriate. 
All of the described parameters are affected by the duration of creep in various 
ways (Table 4.8). This is probably because the material properties represented by these 
parameters depend on the water content of the tissue, which in turn affects properties such 
as permeability and stiffness. This time-dependence makes it difficult to compare data 
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from other papers (Table 4.9). However, if these other papers arc compared with current 
data evaluated at similar time points, then error are minimised. Table 4.9shows that 
cervical discs have higher stiffness ratios then discs from lumbar and thoracic regions. 
Differences in creep rate are not consistent. Creep rate for cervical discs (evaluated at 
0.5 h) is lower than in lumbar discs reported by Keller et al. (1987), but in comparison to 
Li et al. (1995) cervical disc creep (at I h) is slightly higher then for lumbar discs but 
slightly lower than for thoracic. 
Table 4.9 Comparison of experimental creep data with previous studies. 
Researcher Level No Time E2/EI H EI/q, 10-3 [1/sl 
Keller'87 lumbar 18 0.5 h 0.24 1.688 
LP95 lumbar 8 lh 0.66 0.396 
thoracic 8 1h 1.02 0.460 
Burns'84 lumbar 7 8h 0.81 0.125 
thoracic 39 8h 1.09 0.160 
This study cervical 41 2h 1.88 0.227 
cervical 6 0.5 h 1.14 0.740 
cervical 6 1h 1.44 0.427 
One of the possible explanations for regional differences in disc creep could be 
differences in vertebral anatomy. The facet surfaces of cervical apophyseal joints are 
orientated more horizontally than in thoracic and lumbar joints, and could prevent more 
creep. Also, the uncus of cervical vertebrae can play an important role in load bearing and 
so could influence creep. The uncus is absent in thoracic and lumbar regions. Other 
explanations could involve the disc size (cervical discs are much smaller), and 
composition (cervical discs are more fibrous, especially in the nucleus). Smaller discs 
should enable faster creep, because the path length for water transport is shorter. 
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Chapter 5. Effect of sustained loading on distribution of compressive 
'stress inside cervical intervertebral discs 
5.1. Introduction 
Currently, there is no information concerning the effects of creep loading on the 
internal behaviour of cervical intervertebral discs. The aim of this chapter is to investigate 
the influence of creep on the distribution of compressive stress inside cervical 
intervertebral discs, using the stress profilomctry technique. Comparisons will be made in 
three postures, and results will be compared to those obtained before creep, and to 
published results from lumbar discs. 
Sustained loading of lumbar motion segments reduces their height and expels water 
from the nucleus and annulus. A creep loading regime designed to simulate diumal 
loading in-vivo (1.5 kN for 6 hours) resulted in approximately 20% disc height loss, and 
reductions in tissue fluid content of 5-20% (McMillan et al. 1996a). The greatest fluid 
loss was from the middle-annulus, and the least from the outer 2mm of annulus 
(McMillan et al. 1996a). Reductions in water content depend on posture (Adams and 
Hutton 1983, McMillan et al. 1996a). Lumbar motion segments tested in 21 of extension 
showed 10% water loss from the anterior and posterior annulus after 4 hrs and only I% 
from nucleus (Adams and Hutton 1983). However, creep loading in full flexion reduced 
water content in the anterior and posterior annulus by 15% and in the nucleus by 10%. 
Height and water loss in these cadaveric discs corresponded very well with changes 
in stress profiles. As investigated by Adams et al. (1996a), creep loading of lumbar 
motion segments, tested in 20 extension, reduced hydrostatic pressure in the nucleus and 
maximum stress in the anterior annulus (Figure 5.1). Changes were greatest in specimens 
subjected to longer loading. Stress profiles obtained after a creep load of 2 kN showed 
that 2-3 hrs of creep reduced nucleus pressure by 13%, and 6 hrs by 36%. The nucleus 
width (in the sagittal plane) did not show consistent changes, but for the longer creep 
period it was increased by 8% on average. The maximum anterior stress was reduced by 
4% in the shorter creep period and by 26% in the longer one. Maximum stress in the 
posterior annulus increased by 2% after 2-3 firs creep and decreased by 8% after 6 hrs 
creep. Relative to nucleus pressure, the posterior stress "peak" increased after creep by 
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36% and 35% for shorter and longer creep respectively. These results appear to show the 
combined effects of stress-redistribution within the dehydrated disc, plus a gradual 
transfer of load-bearing to the neural arch following creep. 
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Figure 5.1 Stress profiles for lumbar motion segment before (A) and after (B) 3 hrs creep loading (Adams 
et al. 1996a). 
In cervical motion segments after creep loading, flexion and extension angles 
measured at the elastic limit averaged 8.5* and 9.5" respectively (Przybyla 2005). In 
comparison to angles measured before creep, flexion was increased by 19.7%, and 
extension was increased by 4.4% (Przybyla et al. 2003). 
5.2. Materials and methods 
Vertical and horizontal stress profiles were recorded from the twenty-five 
specimens creep loaded in Chapter4. Profiles recorded before creep were repeated 
immediately after the creep loading period (IS 0N for 2 h). 
5.2.1. Specimen preparation 
A detailed description of specimen preparation is in Chapter 2. 
5.2.2. Measurement setup 
For a detailed description of equipment used during the tests please rcfcr to 
Chapter 2. 
S. Z3. Stress proftiometry 
Stress profiles were obtained as described in Chapter 2. Flexion and extension 
angles were applied as described in Chapter 3. 
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S. Z4. Stress profile comparison 
Vertical and horizontal stress profiles for the neutral posture were analysed as 
described in Chapter2. From profiles of vertical compressive stress obtained in flexion 
and extension, the maximum stress in the posterior and anterior annulus, and the mean 
nucleus pressure, were evaluated. The same functional regions were used as those 
identified before creep in different postures, as described in Chapter 3. 
5. Z5. Statistical analysis 
Statistical analyses were performed as described in Chapter 2. 
A mixed design ANOVA was employed to account for interactions. The repeated 
measures (within-subject) factor was creep (measurements before and after creep), and 
between-subject factors were level, gender, and degeneration. Age was a covariate. Creep 
was the main point of interest in this chapter and statistical tests were performed for each 
posture separately (neutral, flexion, and extension). Including two repeated measures 
factors, creep and posture, could lead to the possibility of facing five-way interactions, 
which are very difficult to interpret. Also the number of samples was not enough for a 
statistical test with five factors. 
5.3. Results 
Creep reduced the height of motion segments, as described in Chapter 4. Creep also 
reduced the measured stresses inside the intervertebral discs. 
5.3.1. Comparisons before and after creep loading 
After creep, the needle transducer was still able to measure stresses along the 
postero-anterior diameter, and they were still proportional to applied load (Figure 5.2). 
For eight specimens the average nucleus pressure, taken from the same site as before 
creep test, showed very high linearity with applied load (r2=0.999, p<0.001, Figure 5.3). 
In comparison to before creep, the linear coefficient (gradient) was reduced by 6.8% and 
the intrinsic disc pressure (intercept on the 'stress' axis) was reduced by 51%, . from 
0.18 MPa to 0.09 MPa. 
Some specimens appeared to lose the ability to equalize stress after creep (Figure 
5.4). Twenty out of twenty-five specimens still showed a functional nucleus region as 
defined in Chapter 2 (Figure 5.5). In the neutral posture, creep decreased the percentage 
of the postero-anterior diameter occupied by the functional nucleus by 3.1% on average. 
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Creep increased the width in the posterior and anterior annulus by 3.2% and 1.6% 
respectively. However none of these small differences were significant. 
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Figure 5.2 Distributions of vertical compressive stress in a moderately degenerated disc after creep (AC). 
Dots indicate distance from where nucleus pressure was taken for correlation with applied load. 
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Figure 5.3 Vertical nucleus pressure (measured as in Figure 5.2) taken from eight specimens before (13C) 
and after (AC) creep showed excellent correlation with applied load - average values (SEM). 
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Figure 5.4 Distributions of vertical and horizontal compressive stress in a moderately degenerated disc in 
neutral posture after creep (AC) showing no apparent functional nucleus. 
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Figure 5.5 Distributions of vertical and horizontal compressive stress in a non-degenerated disc in neutral 
posture after creep (AQ showing a functional nucleus (between dashed lines). 
The postero-anterior diameter of the whole disc measured from the stress profiles 
after creep increased by 3.4%. This increase was of marginal significance (p=0.052). 
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Pressure in the nucleus in the neutral posture was decreased by 14.1 % (SEM 2.1 %, 
n=25) following creep (p<0.05). In the posterior annulus, the maximum stress was 
decreased by 10.6% (SEM 1.5%, n=25, p<0.001), and in the anterior annulus it was 
decreased by 14.7% (SEM 4.0%, n=25, p<0.001). Stress gradients in the nucleus 
increased by 45%, but this was very variable and was not significant. 
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Figure 5.6 Effect of creep loading on disc stresses in three functional regions, in neutral posture - average 
values (SEM). 
5.3.2. Comparisons between creep parameters and changes in stress proji-les 
Changes in stresses (in neutral posture) from the functional regions of' the discs 
before and after creep were correlated with parameters evaluated from the 
three-parameter model, described in Chapter 4. 
The elastic modulus of the wet tissue (E2) was Positively correlated with the 
reduction in maximum anterior annulus stress (r 
2=0 
. 32, P<0.005), but there were no 
significant correlations with reductions in posterior annulus and nucleus stresses 
(r2<0.003, p>0.83). In other words, the softest discs before creep showed the greatest 
reduction in stress (in the anterior annulus) after creep. 
Viscosity (T11), was positively correlated with nucleus pressure loss (r 2 =0.23, 
p<0.02) and with percentage reduction in maximum stress in the posterior annulus 
(r2=0.21, p<0.03). 
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Creep rate (EI/T11) was strongly correlated with percentage nucleus pressure loss, 
(r2=0.49, p<0.001, Figure 5.7) and with reductions in maximum stress in the posterior 
annulus (r2=0.34, p<0.005). 
10 y= -59769x - 2.61 
2 
r=0.49; p<0.001 
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Figure 5.7 Percentage nucleus (NP) pressure loss after creep was strongly correlated with creep rate as 
calculated by the three-parameter model. 
The stiffness of the drained matrix (EI) and the stiffness ratio (E2/El) showed very 
poor correlation with any of the changes in stress profiles after creep. For these 
parameters, r2 was never higher then 0.06. 
In flexion creep reduced nucleus pressure by 15% (SEM 3.1%, n=24, p<0.001), and 
reduced posterior annulus stress by 14.7% (SEM 3.0%, n=24, p<0.001). The least effect 
was maximum stress in the anterior annulus, which showed a small and insignificant 
reduction of 2.8% (SEM 3.9%, n=24). Stress gradients changed after creep 
from 3.97x 10-3 MPa/mm (SEM I 0.9X 10-3 Mpa/MM) to 13.3x 10-3 MPa/mm 
(SEM 17.8x 10-3 MPa/mm), which represents an increase of 235%. However. the large 
scatter of results ensured that the increase was not significant (p=0.23). It should be 
remembered that creep loading was always performed in the neutral posture, and that the 
postures referred to here are for stress profiles performed after creep. 
In extension creep reduced nucleus pressure by 29.8% (SEM 4.4%). posterior 
annulus stress by 26.1 % (SEM 2.9%), and anterior annulus stress by 28.7% (SEM 4.5%). 
All these reductions were statistically significant (p<0.001) and all reductions were 
greater in extension compared to flexion. Stress gradients changed 
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13 from -41.4x 10-- MPa/mm to -33. Ox 10-- MPa/mm, representing an average 
20.2% increase 
but this was not significant (p=O. 15). 
5.3.3. Influence ofposture on stress distributions after creep 
Repeated measures ANOVA (with pair-wise comparison) of stress profiles after 
creep revealed significant changes between flexion and extension. Nucleus pressure in 
extension was 21% lower then in flexion (Figure 5.8) (p<0.05). Maximum stress in the 
anterior annulus depended strongly on posture (p<0.001), and pair-wise comparison 
between flexion and extension was significant (p<0.02). After creep, the maximum 
anterior annulus stress in flexion was on average 35.5% higher than in neutral posture, 
and in extension it was 22.5% lower. 
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Figure 5.8 Distribution of vertical compressive stress according to posture after creep - average values 
(SEM). 
5.3.4. Variation with spinal level 
In the neutral posture (after creep) spinal level significantly influenced nucleus and 
posterior annulus stresses (Table 5.1). Statistical significance was reached for the same 
levels and for the same functional regions as before creep. Most ditTerences could be 
related to increased disc area at lower cervical 
levels, as discussed in Chapter 2. 
In the posterior annulus, the maximum vertical stress at level C23 was 54% and 
76% higher than at C56 and C7TI respectively. In general, stresses in the posterior 
annulus decrease towards lower levels of the cervical spine (Figure 5.9). 
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Nucleus pressure decreased down the cervical spine and was 63% higher at C23 
than in CM. Nucleus stress gradients did not show an overall dependence on cervical 
level, although they were higher at levels C23 to C45 than at levels C56 to C67. 
Anterior annulus maximum stresses did not show any significant overall differences 
between cervical levels, following creep. However there was a trend for them to decrease 
from C23 to C56, before increasing substantially at levels C67 and C7TI - Differences 
between the average nucleus stress and anterior annulus maximum stress (i. e. stress 
"peaks") were greatest in lower cervical discs (Table 5.1 ). 
Stress reductions following creep were greatest at C45 (Figure 5.10). At most levels 
the posterior annulus was affected the least and the anterior annulus the most. 
Table 5.1 Distributions of vertical stress after creep, in neutral posture for each cervical level - average 
values (SEM). 
Level No t PA [MPaj t NP [MPal SC 10`3 [MPa/mnil AA I MPal 
C23 9 1.57 (0.10) 1.32 (0.11) -26.8 (6.6) 1.56 (0.22) 
C34 1 1.42 1.34 -32.0 1.24 
C45 4 1.22 (0.24) 1.03 (0.20) -50.7 (36.1) 1.05 (0.22) 
C56 3 1.02 (0.10) 0.92 (0.11) -5.7 (0.3) 0.90 (0.10) 
C67 1 0.73 0.74 -3.2 1.60 
CM 
- 
7 *0.89 (0.10) *0.81 (0.08) 4.3 (2.7) 1.36 (0.24) 
Total 1 25 1.22 (0.08) 1.06 (0.07) -21.0 (6.6) 1.33 (0.12) 
significant ANOVA p<0.05; * levels significantly different from C23 p<0.05; 















Figure 5.9 Distributions of vertical stress for each spinal level, after creep (AC) in neutral posture - average 
values (SEM). Equivalent before creep (BC) results are shown in Figure 2.19. 
116 
C23 C34 C45 C56 C67 CM 
Chapter 5. Effect of sustained loading on distribution of compressive 'stress' inside cervical intervertebral discs 
FO-Postetior 
annulus (PA) 0 Nucleus (NP) 0 Antefior an nu lu-s- (A A)] 
10 
C-) 







Figure 5.10 Reductions in vertical disc stresses following creep (AC) for each spinal level in neutral 
posture - average values (SEM). 
After creep in flexion, there were no overall statistically significant differences in 
vertical stresses at different levels (Table 5.2). Anterior annulus stresses had the highest 
values overall (Figure 5.11). Nucleus pressure decreased from C23 down to C67 but 
increased at CM. The largest differences between anterior annulus maximum stress and 
nucleus pressure were for levels C34 and C67, where the anterior stress "peaks" were 
63% and 181% higher than nucleus pressure respectively. In flexion, maximum stress in 
the posterior annulus was similar to nucleus pressure, at all cervical levels. 
Table 5.2 Distributions of vertical stress after creep in flexion for each cervical level - average values 
(SEM). 
Level No I PA [MPal NP [MPa] SG 10- 1 JMPaýmmj AA IMPal 
C23 9 1.43 (0.18) 1.41 (0.20) . 33 6.4 (50.0) 2.14 (0.25) 
C34 1 1.54 1.39 -25.6 2.27 
C45 4 1.10 (0.17) 1.09 (0.16) -0.5 (3.6) 1.24 (0.10) 
C56 3 0.92 (0.15) 0.88 (0.16) 5.7 (8.7) 1.12 (0.14) 
C67 1 0.57 0.69 13.9 1.94 
CM 7 1.14 (0.20) 1.10 (0.19) 0.3 (5.9) 1.90 (0.28) 
Stress reductions (in flexion) following creep were greatest at C23 (Figure 5.12), 
and the anterior annulus was always the least affected part of the disc. At levels C23, C34 
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and C56, nucleus pressure was the most affected by creep, whereas at levels C45 and 
CM the posterior annulus was affected most. 










Figure 5.11 Distributions of stress for each spinal level, after creep (AC) in flexion - average values (SEM). 
Equivalent before creep (BC) results are shown in Figure 3.5. 
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Figure 5.12 Reductions in vertical disc stresses following creep (AC) for each spinal level in flexion - 
average values (SEM). 
In extension after creep there were no overall statistically significant stress 
differences between cervical levels (Table 5.3). Posterior annulus stresses had the highest 
values in extension (Table 5.3). 
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Nucleus pressure did not change consistentlY with spinal level. The largest 
differences between posterior annulus stress and nucleus pressure (i. e. stress "peaks") 
were for levels C23 and C45, where the posterior peaks were 43% and 95% higher than 
nucleus pressure respectively. 
Stress reductions (in extension) following creep were greatest at level C45 (Figure 
5.14) followed by C23 and CM. The posterior annulus was the least affected region of 
the disc for all levels apart from MI. At levels C23 and C34 the nucleus pressure was 
the most affected by creep. At levels C56 and CM the biggest reductions were in 
anterior annulus maximum stress. 
Table 5.3 Distributions of vertical stress after creep in extension for each cervical level - average values 
(SEM). 
Level No PA [MPa] NP [MPaj SG 10-3 [MPa/mm) AA (MPaj 
C23 8 1.59 (0.13) 1.11 (0.16) -36.8 (8.4) 1.25 (0.17) 
C34 1 1.44 1.35 -10.3 1.37 
C45 4 1.50 (0.09) 0.77 (0.26) -72.4 (57.0) 0.61 (0.26) 
C56 3 1.13 (0.16) 0.92 (0.13) -12.8 (9.5) 0.89 (0.11) 
C67 0 0.00 0.00 0.0 0.00 
CM 7 1.05 (0.22), 0.78 (0.27) -18.1 (2.5) 1.05 (0.35) 










Figure 5.13 Distributions of stress for each spinal level, after creep (AC) in exter, _Sion - average 'Values 
(SEM). Equivalent before creep (BC) results are shown in Figure 3.6. 
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Figure 5.14 Reductions in vertical disc stresses following creep (AC) for each spinal level in extension - 
average values (SEM). Compare with reductions found in flexion (Figure 5.12). 
5.3.5. Gender differences 
After creep and in neutral posture, there were significant gender differences in three 
functional regions. Always stresses in male discs were lower than in female (Table 5.4 
and Figure 5.15), as it was before creep, and this probably reflect differences in size as 
discussed in Chapter 2. 
Reduced stresses after creep did not vary consistently between female and male 
specimens (Figure 5.16). In the posterior annulus and nucleus, female specimens were 
more affected by creep, but in the anterior annulus, stress reductions were greater in male 
specimens. 
Table 5.4 Distributions of vertical stress after creep, in neutral posture, grouped according to gender - 
average values (SEM). 
Sex No t PA [MPa] t NP[MPa] SG 10-3 [MPa/mm) t AA [MPa] 
F 
1 




-18.7 (6.3) 1.70 (0.2 1) 
m 15 1.06 (0.10) 0.91 (0.07) -22.6 (10.3) 1.09 (0.09) 
significant ANOVA p<0.02 
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Figure 5.15 Distributions of stress after creep (AC) according to gender in neutral posture - average values 
(SEM). 
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Figure 5.16 Reductions in vertical disc stresses following creep (AC) grouped according to gender in 
neutral posture - average values (SEM). 
5.3-6. Disc degeneration 
in jeutral posture (after creep), disc degeneration had no overall significant 
influence on stress distributions (Table 5.5). Highest stresses were found in grade 2 discs, 
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and the lowest in grade 4 discs, for all functional regions (Figure 5.17). In grade 4 discs, 
stresses in the posterior annulus and nucleus were 45% and 48% lower than in grade 2 
discs respectively. The biggest difference was for anterior annulus maximum stress, 
which was 59% lower in grade 4 discs compared to grade 2. 
Stress reductions in the neutral posture following creep were greatest in grade 4 
discs (Figure 5.18). There was a trend of increasing nucleus pressure loss with increasing 
grade of degeneration, and a similar but weaker trend was evident in the posterior annulus. 
In most grades of disc, the anterior annulus was most affected by creep. 
Table 5.5 Distributions of vertical stress after creep, in neutral posture, grouped according to disc 
degeneration - average values (SEM). 
Grade No PA [MPaj NP[MPa] SG 10-' [MPa/mm] AA [MPal 
1 3 0.89 (0.13) 0.86 (0.11) -3.8 (4.4) 1.42 (0.26) 
2 11 1.36 (0.12) 1.20 (0.11) -18.4 (5.2) 1.46 (0.20) 
3 9 1.26 (0.14) 1.06 (0.11) -31.5 (17.0) 1.32 (0.16) 
4 
12 
0.74 (0.08) 0.62 (0.16) -14.5 (8.2) 0.59 (0.18) 
1.8 










Figure 5.17 Distributions of stress for each grade of disc degeneration after creep (AC) in neutral posture - 
average values (SEM). 
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Figure 5.18 Reductions in vertical disc stresses following creep (AC) for each grade of disc degeneration in 
neutral posture - average values (SEM). 
After creep in flexion there were no overall significant differences in stresses for 
different grades of disc (Table 5.6). Maximum stress always occurred in the anterior 
annulus for all grades of disc. The lowest stress values were in grade 4 discs in all 
functional regions, whereas the highest stress values were in grade 2 and grade 3 discs. 
Stress reductions in flexion following creep had the greatest effect on grade 4 discs, 
and in the posterior annulus and nucleus (Figure 5.20). Grade I discs showed the smallest 
changes following creep. There was a trend of increasing stress reductions in the posterior 
annulus with increasing grade of degeneration. Pressure loss from the nucleus did not 
show consistent trends, but exceeded 20% in grade 4 discs. Generally, the anterior 
annulus was the least affected by creep, although this did not apply to grade I discs. 
Table 5.6 Distributions of vertical stress after creep (AC) in flexion grouped according to disc degeneration 
- average values (SEM). 
Grade No PA [MPa] NP [MPa] SC 10-3 [Mila, 'nii-ni AA [MPal 
0.92 (0.10) 0.91 (0.08) -4.7 (1.7) 1.62 (0.29) 
2 11 1.37 (0.18) 1.28 (0.17) -12.5 (10.5) 1.93 (0.25) 
3 9 1.23 (0.11), 1.26 (0.15), 50.5 (46.8) 1.88 (0.21) 
4 2 0.64 (0.01) 1 0.63 (0.00) 14.9 (8.1) 1.06 (0.14) 
123 
ýM Posterior annulus (PA) M Nucleus (NP) 0 Anterior annulus (A A) 
Chapter 5. Effect of sustained loading on distribution of compre,, si%e '%tre%%' ins ide cer,, ica I in terverte bra I discs 







Figure 5.19 Distributions of vertical stress for each grade of disc degeneration, after creep (AC) in flexion - 
average values (SEM). 
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Figure 5.20 Reductions in vertical disc stresses following creep (AC) fore each grade of disc degeneration 
in flexion - average values (SEM). 
After creep in extension disc degeneration had no overall significant effect on stress 
distributions (Table 5.7). Maximum stress usually occurred in the posterior annulus 
except for grade I discs where the maximum stress was observed in the anterior annulus, 
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and anterior annulus maximum stress was very close to the value for nucleus pressure. 
The lowest stresses were in grade 4 discs, in all functional regions. 
In extension, stress reductions following creep were greatest in degenerated 
(grade 3 and 4) discs (Figure 5.22). There was a trend for increasing nucleus pressure loss 
with increasing grade of degeneration. 
The effect of disc degeneration on stress distributions in creep-loaded discs are 
illustrated in Figure 5.23 to Figure 5.26. These typical stress profiles show how disc 
degeneration and posture can combine to create irregular stress distributions in 
dehydrated (creep-loaded) discs. 
Table 5.7 Distributions of vertical stress after creep in extension, grouped according to disc degeneration - 
average values (SEM). 
Grade No PA [MPa] NP [MPa] SG 10-'[MPa/mml AA [MPa] 
1 3 1.29 (0.26) 1.02 (0.44) -12.9 (0.7) 1.45 (0.53) 
2 11 1.48 (0.14) 1.19 (0.13) -28.7 (5.4) 1.27 (0-15) 
3 7 1.20 (0.19) 0.66 (0.14) -55.7 (32.3) 0.65 (0.21) 
4 2 1.18 (0.36) 0.37 (033) -7.4 (3.4) 0.46 (0.28), 
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Figure 5.21 Distributions of vertical stress for each grade of disc degeneration, after creep (AC) in 
extension - average values (SEM). 
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Figure 5.22 Reductions in vertical disc stresses following creep (AC) for each grade of disc degeneration in 
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Figure 5.23 Effect of posture on distribution of vertical compressive stress in a non-degenerated disc after 
creep (AC). Non-degenerated discs distribute load evenly even after creep. 
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Figure 5.24 Effect of posture on the distribution of vertical compressive stress in a moderately degenerated 











Figure 5.25 Effect of posture on the distribution of vertical compressive stress in a degenerated disc after 
creep (AC). Note that extension (4.5') greatly reduces stress in the entire anterior half of the disc. 
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Figure 5.26 Effect of posture on the distribution of vertical compressive stress in a severely degenerated 
disc after creep (AC). Note that in such discs, flexion and extension concentrate loading on the anterior and 
posterior regions respectively. 
5.3.7 Aging 
Keeping the same procedure as before creep, specimens were divided into two 
groups: 'younger' (less or equal to 65 yrs-old, mean age 57 yrs) and 'older' (more than 
65 yrs-old, mean age 73 yrs). 
After creep in neutral posture, average results did not show overall significant 
differences between the two age groups (Table 5.8). Stress values for 'younger' discs 
always tended to be higher than for 'older' discs in all functional regions (Figure 5.27). 
The highest stresses were found in the anterior annulus for both -younger' and 'older' 
groups. 
Reductions in stress following creep were higher in the 'older* group. especially in 
the anterior annulus (Figure 5.28). The smallest stress reductions In the -older' discs 
occurred in the posterior annulus. 
Table 5.8 Distributions of vertical stress after creep in neutral posture, grouped according to age - average 
values (SEM). 
Age No PA [MPaj NP [MPal SG 10-3 [MPa/mrn] AA IMPal 
5 65 yrs 
1 
12 1.32 (0.12) 
1 
1.18 (0.10) -18.2 (4.8) 1.41 
(0017) 
> 65 yrs 13 1.13 (0.12) 0.96 (0.09) -23.6 (12.1) 1.27 (0.17) 
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Figure 5.27 Distributions of vertical stress for 'younger' and 'older' discs after creep (AC) in neutral 
posture - average values (SEM). Equivalent 
before creep (13C) results are shown in Figure 2.27. 
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Figure 5.28 Reductions in vertical disc stresses following creep (AC) for 'younger' and 'older' discs in 
neutral posture - average values (SEM). 
After creep in flexion, there were no overall statistically significant age differences 
in stress distributions (Table 5-9). For both age groups in flexion, anterior annulus 
rnaximurn stresses were higher than in the nucleus and posterior annulus (Figure 5.29). 
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In flexion, reductions in stress following creep were greatest in the -older' discs, 
especially in the nucleus and posterior annulus (Figure 5.30). Only small reductions were 
seen in the anterior annulus in either age group. 
After creep in extension there were no overall statistically significant differences in 
stress distributions (Table 5.10). For both age groups, posterior annulus maximum stress 
was higher than nucleus pressure and anterior annulus stress (Figure 5.3 1). 'Younger' 
discs had higher stresses in all functional disc regions. 
In extension, reductions in stress following creep were slightly higher in the 'older' 
discs, especially in the anterior annulus (Figure 5.32). 
Table 5.9 Distributions of vertical stress after creep in flexion, grouped according to age - average values 
(SEM). 
Age No PA [MPaj NP [MPa] SG 10-3 [MPa/mmi AA [MPal 







> 65 yrs 13 1.10 (0.15) 1.12 (0.17) 38.4 (32.3) 1.93 (0.22) 
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Figure 5.29 Distributions of vertical stress for 'younger' and 'older' discs after creep (AC) in flexion - 
average values (SEM). Equivalent before creep (BC) results are shown in Figure 3.17. 
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Figure 5.30 Reductions in vertical disc stresses following creep (AC) for 'younger' and 'older' discs in 
flexion - average values (SEM). 
Table 5.10 Distributions of vertical stress after creep in extension, grouped according to age - average 
values (SEM). 
Age No PA [MPa] NP [MPa] SG 10`3 [MPa/mml AA [MPaj 
:5 65 yrs 12 1.45 (0.11) 
1 
1.10 (0.11) -26.0 (5.3) 1.23 (0.14) 
> 65 yrs 11 1.23 (0.16) 0.75 (0.19) 40.7 (21.0) 0.82 (0.22) 
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Figure 5.31 Distributions of vertical stress for 'younger' and 'older' discs after creep (AC) in extension 
average values (SEM). Equivalent before creep (BC) results are shown in Figure 3.18. 
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Figure 5.32 Reductions in vertical disc stresses following creep (AC) for 'younger' and 'older' discs in 
extension - average values (SEM). 
5.3.8. Multiple regression 
Influences of level, gender, degeneration, and age on various vertical stress profile 
features in neutral posture are summarised in Table 5.11. They show that the posterior 
annulus stress and nucleus pressure were reduced at lower cervical spine levels. Also, 
lower stresses were recorded in male motion segments compared to female in all 
functional disc regions. 
Table 5.11 Multiple regression coefficients for vertical stress profiles in neutral posture. 
Level Cender Degeneration Age 
r2 
I 
Constant (scale I (C23) 
(F=O, M= I) (scale I to 4) (yrs) 
to 6 (C7TI)) 
1. ++ PA [MPaj 0.63 1 "2.02 "-0.13 *-0.30 -0.06 -0,001 
+++ NP [MPa] 0.65 "2.06 **-0.08 **-0.32 -0.07 -0.006 
SG 10-3 [MPa/mm] 0.19 10.00 (*)6.00 
1 
-11.00 -5.00 -1.000 
++ AA [MPa] 0.48 "2.89 0.01 **-0.70 -0.23 
1 -0.010 
significant ANOVA tt p<0.01, "t p<0.001; significant coefficients: * p<0.05. ** p<0.01, " P<0.001; 
trends are marked by (*) p<O. I 
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Influences of level, gender, degeneration, and age on vertical stress profile features 
in flexion are summarised in Table 5.12. They show that the posterior annulus stress and 
nucleus pressure were lower for male motion segments compared to female. 
Table 5.12 Multiple regression coefficients for vertical stress profiles in flexion. 
Level Gender Degeneration Age 
r, Constant (scale I (C23) 
to 6 (C7T I)) 
(F=O, M=1) (scale I to 4) (Yrs) 
PA [MPa] 0.33 **1.98 -0.05 *-0.48 -0.13 0.000 
NP [MPal 0.35 **1.84 -0.05 *-0.51 -0.11 0.001 
SG 10-3 [Mpa/MM] 0.09 -8.00 -5.00 -25.00 21.00 0.027 
AA [MPa] 0.08 *2.3 8 -0.05 -0.27 -0.16 0.002 
significant coefficients: * p<0.05, ** p<0.01 
Influences of level, gender, degeneration, and age on vertical strcss profile features 
in extension are summarised in Table 5.13. They show that the nucleus pressure and 
anterior annulus stress were lower for male motion segments compared to female, as well 
as for more degenerated discs. 
Table 5.13 Multiple regression coefficients for vertical stress profiles in extension. 
Level Gender Degeneration Age 
r2 Constant 
I 
(scale I (C23) 
to 6 (OT I)) 
(F=O, M= 1) (scale I to 4) (Yrs) 
PA [MPaj 0.33 1 **2.05 *-0.11 -0.19 -0.12 0.001 
INP [MPal 0.48 "2.49 -0.04 *-0.43 *-0.29 -0.007 
SG 10-3 [Mpa/MM] 0.17 
1 
56.00 7.00 -17.00 2.00 -2.000 
"AA [MPa] 0.59 "3.42 0.01 *-0.58 *-0.35 -0.019 
significant ANOVAtp<0-05, 
ttp<0.01; significant coefficients: * p<0.05, ** p<0.01, " p<0.001; 
trends are marked by (*) p<O. I 
5.3.9. Interactions between the effects of level, gender, degeneration, and age 
In neutral posture (and for vertical stresses) there were several significant 
interactions for within-subject (repeated measures) effects, but only for the stress gradient. 
The interaction creep x level for stress gradient was significant (p<0.05) indicating 
that creep had different effects on the stress gradient at different spinal levels. The stress 
gradient was particularly affected (reduced) by creep in the upper and middle cervical 
spine (Figure 5.33), especially at C45 where the decrease was the biggest. In the lower 
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cervical spine the stress gradient was smaller than at upper levels, and was aftlected 





Figure 5.33 Vertical stress gradient depended on creep and level- neutral posture, average values corrected 
for age (SEM). 
There was a significant interaction effect of creep and gender (creep x gender, 
p<0.05) on stress gradient in the neutral posture. Female specimens showed virtually no 
change in stress gradient following creep (before creep -14.2 x 10-3 MPa/mm. after 
creep - 13.7 x 10-3 MPa/mm). However male specimens showed almost 100% decrease 
following creep (from - 14.0 x 10-3 MPa/mm before creep, to -27.0 x 10-3 MPa/mm)- 
The interaction term creep x degeneration for stress gradient reached significance 
(p<0.05). The stress gradient was decreased following creep, for all grades of disc 
degeneration (Figure 5.34). The biggest change was for grade 3 discs, and the smallest for 
grade I and grade 4 discs. 
Another interaction term creep x level x gender for stress gradient also reached 
significance (p<0.01). There was variable effect of creep across the cervical spine for 
male and female specimens (Figure 5.35). For female specimens the stress gradient 
decreased only at C23, at which level it was the biggest (Figure 5.35 TOP). At other 
cervical levels the stress gradient increased after creep. 
For male specimens the stress gradient was decreased by creep in the upper and 
middle cervical levels (Figure 5.35 BOTTOM), especially at C45. At lower cervical 
levels the stress gradient was smaller and was affected variably by creep. 
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At C23 the stress gradient decreased more after creep for female specimens than 
male (Figure 5.35). At C45 the stress gradient decreased after creep for male specimens, 
but increased for female. 
For the between-subject effects in the neutral posture (and for vertical stresses), 
cervical level significantly affected posterior annulus stress and nucleus pressure (Table 
5.14). The CM level was significantly different from C23 (p<0.01) for both disc regions. 
The pattern of decreasing stress down the cervical spine was similar to that in Figure 5.9. 
Age was significantly correlated with anterior annulus stress Jable 5.14), 
indicating a tendency of reducing anterior annulus stress with increasing age in neutral 
posture. 
Female discs had significantly higher (47%) anterior annulus stress compared to 
male (Table 5.14). 
A significant gender x degeneration interaction for anterior annulus stress (Table 
5.14) exhibited a similar pattern to that described in section 2.3.7 and shown in 
Figure 2.32. The interaction term level x gender x degeneration showed a similar pattern 













Figure 5.34 Vertical stress gradient depended on creep and degeneration- neutral posture, average values 
corrected for age (SEM). 
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Figure 5.35 Vertical stress gradient depended on creep and level, differently for female (TOP) and male 
(BOTTOM) specimens - neutral posture, average values corrected for age (SEM). 
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Table 5.14 Significance table of between-subject effects of mixed design ANOVA, for vertical stress 
profiles in neutral posture (bold: p<0.05, underlined: p<O. 1). 
Source PA [MPa] NP [MPaj SG [MPa/mm] AA [MPa] 
Intercept 0.090 0.030 0.714 0.003 
Age 0.728 0.392 0.915 0.027 
Level 0.050 0.050 0.108 0.665 
Gender 0.186 0.081 0.099 0.015 
Degeneration 0.163 0.176 0.073 0.391 
Level x Gender 0.435 0.790 0.074 0.330 
Levelx 
Degeneration 













In flexion within-subject (repeated measure) effects were significant for posterior 
annulus vertical stress and nucleus vertical pressure. 
There was a significant interaction creep x level (p<0.001) for nucleus vertical 
pressure. The nucleus pressure reduction after creep was largest at C23 and smallest at 
C34 and C56 (Figure 5.36). 
2.0 
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Figure 5.36 Vertical nucleus pressure depended on creep and spinal level - flexion, average values, 
corrected for age (SEM). 
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For posterior annulus stress, the interaction creep x level was also significant 
(p<0.05). 71e pattern was similar to that for nucleus pressure, but there was very little 
cffcct of crecp at C34 and C56 lcvcls. 
The between-subject effects in flexion showed significance only for anterior 
annulus stress (Table 5.15). A significant gender x degeneration interaction for anterior 
annulus stress exhibited a similar pattern to that described in section 2.3.7 and shown in 
Figure 2.32. Ilie interaction term level x gender x degeneration also showed a similar 
pattern to that described in section 2.3.7 and shown in Figure 2.33. 
Table 5.15 Significance table of between-subject effects of mixed design ANOVA, for vertical stress 
profiles in flexion (bold: p<0.05, underlined: p<0.1). 
Source PA [MPal NP [MPal SG [MPa/mml AA [MPaj 
Intercept 0.157 0.109 0.295 0.006 
Age 0.624 0.444 0.308 0.055 
Level 0.652 0.679 0.892 ! Q. 07ý 
Gender 0.132 1 0.173 0.814 0.573 
Degeneration 0.777 0.668 0.696 0.236 
Levelx Gender 0.892 0.821 0.749 0.241 
Level x 
Degeneration 0.547 0.389 0.478 0.147 
Gender x 
Degeneration 0,064 0,083 0.436 0.046 
Level 
x Gender x 
Degeneration 0.240 0.188 0.312 0.001 
In extension within-subject (repeated measure) effects were significant only for 
nucicus vcrtical prcssure. 
The main effect of creep in extension posture was that nucleus pressure decreased 
by 42% (p<0.0 1) afler creep. 
There was a significant interaction creep x age (p<0.05), suggesting that creep 
affcctcd nuclcus prcssure diffcrcntly across differcnt agc groups. 
The intcraction tcnn creep x level (p<0.01) showed that nucleus pressure was 
reduced for all cervical levels aftcr creep in extension. The largest pressure drop was at 
C23 and the smallest at C45 (Figure 5.37). C23 was more affected than CM. 
11crc, was a significant interaction creep x gender on nucleus pressure (corrected 
for agc) in cxtension. (p<0.05). Female specimens showed higher nucleus pressure and 
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slightly smaller decreases in nucleus pressure following creep, in comparison to male 
specimens. 
There was also an interaction creep x degeneration on nucleus pressure in extension 
(p<0.01). Creep reduced nucleus pressure for all grades of disc degeneration (Figure 5.38) 
with the biggest effect for grade 3 specimens, and the least for grade 1. 









Figure 5.37 Vertical nucleus pressure depended on creep and cervical level - extension, average values 
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Figure 5.38 Vertical nucleus pressure depended on creep and degeneration - extension, average values 
corrected for age (SEM). 
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discs 
There was a significant interaction creep x level x gender for nucleus pressure 
(p<0.05). This indicates that the creep x level interaction described previously was 
different between female and male specimens. Creep reduced nucleus pressure at C23 
more in male specimens than female (Figure 5.39). However at CM the pressure drop 
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Figure 5.39 Vertical nucleus pressure depended on creep and level, differently for female (TOP) and rnale 
(BOTTOM) specimens - extension, average values corrected for age (SEM). 
There was a significant interaction creep x degeneration x level for nucleus pressure 
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across the cervical spine (Figure 5.40). Grade I discs showed a greater reduction ill 
nucleus pressure at C23 compared to CM. For degeneration grade 2 the pressure 
reduced most at C45, and least at C56. Grade 3 discs showed the biggest pressure drop at 


















Figure 5.40 Vertical nucleus pressure depended on creep and degeneration across cervical spinc 
extension, average values corrected for age (SEM). 
The interaction creep x degeneration x gender fi)r nucleus pressure was 11%() 
significant (p<0.05). This indicates that the creep x degeneration interaction descrilvd 
previously was different for female and male specimens (Figure 5.41 For temalc 
specimens creep reduced pressure most for degeneration grade 2, and this ctfect was 
After creep 
0 Grade 10 Grade 2 11 Grade 30 Grade 4 
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bigger than in male grade 2 discs. Female specimens showed the smallest pressure change 
for grade 4 discs, and this effect was smaller then for male grade 4 specimens. Male 
specimens showed the biggest pressure reduction for grade 3 discs, and this effect was 
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Figure 5.41 Vertical nucleus pressure depended on creep and degeneration, differently for female (TOP) 
and male (BOTTOM) specimens - extension average values corrected for age (SEM). 
There was a significant interaction creep x degeneration x level x gender for the 
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interaction creep x degeneration x level was different between female and male 
specimens. 
For female specimens at C23, grade 2 discs were affected by creep more than 
grade 3 discs (Figure 5.42), but at C7T I creep had similar effects on grade 2 and grade 3. 
For male specimens at C23, grade 2 discs were affected by creep less than grade 3 
discs (Figure 5.42), but at CM creep had similar effects on grade 2 and grade 3 discs. 
At C23, grade 2 discs for female specimens were affected by creep more then 
grade 2 discs for male. However, the opposite effect was seen for grade 3 discs, where 
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Figure 5.42 Vertical nucleus pressure creep x degeneration x gender x level interaction, for two selected 
spinal levels - extension, average values corrected for age. 
In extension between-subject effects were significant only for the stress gradient 
(Table 5.16). 
There was a significant main effect of level on stress gradient in extension (p<0.05). 
The pattern was similar to that presented in Table 5.3. The contrast revealed that stress 
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Table 5.16 Significance table of between-subject ell'ects of mixed design ANOVA. tor vertical stress 
profiles in extension (bold: p<0.05, underlined: p--O. I). 
Source PA [MPal l NP IMPa] SC [MPa/mmj AA [MPal 
Intercept 0.242 0.110 0.288 0.056 
Age 0.956 0.312 0.471 0.153 
Level 0.702 0.856 0.037 0.955 
Gender 0.366 0.340 0.008 0.221 
Degeneration 0.974 0.532 0.004 0.871 
Level x Gender 0.083 0.698 0.007 0.739 
Level x 
Degeneration 
0.528 0.4 2 -7 0.776 0.50-1 
Gender x 
Degeneration 0. - 6 0.203 0.199 
0.389 





0.265 0.410 0.112 
The stress gradient was 83% lower for male compared to 1einale specimens 
(p<0.01) being -50.5 x 10-3 MPa/mrn and -27.6 x 10-3 MPa/mm, respectively. 
There was a significant main effect of degeneration (p<0.01) on stress gradient in 
extension (Table 5.16). The stress gradient decreased with disc degeneration up to grade 3 
and was increased for grade 4 discs (Figure 5.43). Contrast revealed significant 












Figure 5.43 Vertical stress gradient dependent on disc degeneration - extension, average values corrected 
for age (SEM). 
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There was a significant interaction level x gender for stress gradient (p<0.01). This 
indicates that differences between male and female specimens depended on cervical level. 
Stress gradients for female specimens were greatest at C56 and CM (Figure 5.44) 
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Figure 5.44 Vertical stress gradient dependent on level and gender - extension, average values corrected 
for age (SEM). 
5.4. Discussion and conclusions 
The stress profilometry technique appears to be able to measure "stress" along the 
antero-posterior diameter of cervical intervertebral discs even after the tissue has been 
dehydrated by creep loading. The calibration graph in Figure 5.3 showed that the 
transducer output within a creep-loaded disc was closely proportional to compressive 
loading of the disc. Since the distribution of the applied load varies little with load 
magnitude (Figure 5.2) it can be inferred that transducer output is proportional to local 
compressive stress. Furthermore, the similarity of the gradients in Figure 5.3 suggest that 
transducer sensitivity is unaffected by creep. The reduced intercept (Figure 5.3) following 
creep loading indicates that the pre-stressing of the nucleus by tension in the annulus and 
intervertebral ligaments is reduced after creep. This has been observed in lumbar discs, 
and attributed to slack in the tensile structures linking adjacent vertebrae. 
145 
C23 C34 C45 C56 C67 CM 
Cervical level 
Chapter 5. Effect of sustained loading on distribution of compressive 'stress' inside cervical intervertebral discs 
Creep had little effect on the width of the functional nucleus. This is similar to 
findings in the lumbar spine (Adams et al. 1996a) and suggests that approximately 9% 
water loss (specimen height was reduced 9%) is not sufficient to prevent fluid-like 
behaviour in the nucleus. However, it remains possible that more severe or long lasting 
creep could have expelled enough water to have a significant impact on fluid-like 
behaviour. The creep regime was somewhat arbitrary, because there are no in-vivo data 
on diurnal variation in cervical disc height with which to compare height loss in-vitro 
(Chapter 4). Lumbar discs show a 20% diurnal variation in height and (by implication) 
water loss (Botsford 1994). 
The parameters of the three-parameter model evaluated from creep curves of 
cervical motion segments were closely related to changes in the stress profiles. The 
highest correlation was between percentage nucleus pressure loss (in the neutral position) 
and creep rate. This suggests that motion segments with higher creep rates lose more 
water during the creep period and therefore lose more nucleus pressure. This and similar 
correlations give some confidence that the changes attributed to 'creep' are directly 
related to the creep process, and do not simply reflect poor reproducibility of the stress 
profiles. 
Level differences for neutral posture were similar to those before creep. The 
stresses were generally lower but the pattern was the same. For all cervical levels the 
greatest reductions in stress after creep were observed in extension, suggesting that 
reduced disc stresses were linked to greater load transfer from the disc to the neural arch. 
Gender differences in stress distribution after creep were similar to those before 
creep, and were probably related to vertebral body size and level (Chapter 2). The stress 
reductions had similar effects, especially in the nucleus and posterior annulus for all 
postures. 
Stress reductions in degenerated discs following creep were greater than in non- 
degenerated or moderately degenerated discs, in all postures. Degenerated discs creep 
faster (Chapter 4) and presumably lose more water and height during the creep period. 
Furthermore, in more degenerated discs, creep resulted in less even stress distributions, so 
that high stresses often appeared in the posterior annulus in extension, and the anterior 
annulus in flexion. Evidently, creep reduces the disc's ability to distribute loading (Figure 
5.25, Figure 5.26). Less degenerated discs, which showed smaller stress reductions, 
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showed stress distributions in flexion and extension which were similar to those before 
creep, which were more even in character (Figure 5.22, Figure 5.23, Figure 5.5). 
Age-related changes could be explained in a similar way. This is consistent with the 
findings from the previous chapter (Chapter 4) where the viscosity was lower and creep 
rate higher in 'older' specimens, suggesting that they would lose more height and water 
leading to greater transfer of stresses from the disc to the neural arch (and/or uncus). 
After creep, the nucleus loses pressure, especially in extension and in 
older/degenerated discs, and stress gradients within the nucleus are reduced. The size of 
the nucleus is not significantly reduced. Reductions in nucleus stresses can be explained 
by load transfer to the neural arch and uncus, and reductions in stress gradients give some 
insight into the "tethered fluid" model of nucleus behaviour. Creep narrows discs and is 
likely to create some increased slack in all of its collagen fibres, in the nucleus as well as 
annulus. This could lead to an increased ability of nucleus tissue to move laterally in 
order to equalize stress, and hence stress gradients in the nucleus are reduced. The same 
effect could operate in the inner annulus and counter the opposing tendency for 
dehydrated tissue to behave less fluid-like. These two processes appear to cancel each 
other, so the nucleus size remains approximately the same. 
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6.1. Introduction 
The aim of this chapter is to quantify load sharing between the disc and neural arch. 
What is the contribution of the apophyseal joints and uncus (uncovertebral joints) to load 
bearing? How much of the compressive load is transferred from disc to neural arch after 
creep? 
Very little is known about load sharing between structures of the cervical spine. It is 
believed that, in the neutral posture and in extension, the apophyseal joints resist 
compression, and in flexion they resist anterior translation (Ghanayem et al. 1998). 
Recently Przybyla (2005) has shown on seven specimens, using the stress integration 
technique of Pollintine (described below), that in neutral posture and in flexion, the 
apophyseal joints resist approximately 10% of compressive loading (after creep). In 
extension, structures of the neural arch resist 34% of the applied compressive load, with 
the apophyseal joints contributing more than the spinous processes. 
There is little information concerning the contribution of the uncus (uncovertebral 
joints) to load bearing. Previous work focused on involvement of the uncovertebral region 
in different postures using experimental (Kotani et al. 1998) and finite element (Clausen 
et al. 1997) methods. Kotani ct al. (1998) investigated cervical functional spinal units 
(consisting of two vertebral bodies and discs) from levels C34 and C67 using a sequential 
cutting technique. On each side, the uncovertebral joints were divided into three parts: the 
posterior foraminal part, the posterior part, and the anterior part. They found significant 
changes in stability after sequential cutting in all modes of loading (flexion, extension, 
lateral bending, and torsion). Unilateral and bilateral resection influenced stability mostly 
in extension, in cf1ect reducing stiffness by 30% and 36% respectively. Smaller effects 
were found in lateral bending and torsion. Decreased resistance to torsion after cutting 
showed significant level differences. 
Pollintine et al. (2004b) introduced the "stress integration" technique to estimate 
load sharing between structures of the lumbar spine. In this technique the disc is modelled 
as a series of concentric elliptical rings. Each ring is divided into an anterior and a 
postcrior scmi-clliptical strip. The average compressive stress acting on the anterior and 
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posterior semi-elliptical strips is related to the corresponding halt' of the stress protile as 
shown in Figure 6.1. The area of the nth anterior or posterior strip is expressed by tile 
equation: 
A, =zx[axb-(a-2)x(b-2)]/8 
where a and b are the major and minor axes ofthe ellipse in millimetres. 
The force on the anterior (FA,, ) and posterior strips is related to the awrage 
compressive stresses acting on the anterior (PA,, ) and posterior strips by: 
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Figure 6.1 Illustration ofthe method used to calculate compressive force acting on the disc Ii-om strl: "ý 
profiles (Pollintine et al. 2004b) 
Summation of F. An and Fp,, lor all semi-elliptical strips, gives tile total force 
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neural arch is obtained by subtracting FA and Fp from the applied compressive force. 
Values of FA and Fp must be normalised relative to measurements made when all of the 
compressive force is known to pass through the discs (for example because the specimen 
is flexed so that the neural arch is unloaded). This requires dividing FA and Fp by a 
correction factor (typically 1.3). This normalisation procedure accounts for: 
1) the disc being not exactly elliptical; 
2) stress in the whole elliptical ring may not be accurately represented by stress 
in the mid-sagittal plane; 
3) imperfect stress coupling between tissue and transducer; 
4) tensile stresses in the outer annulus (generated under compression) which 
increase the compressive stress in the rest of the intervertebral disc. 
Validity tests by Pollintine et al. (2004b) indicated that this "stress integration" 
technique is reproducible when applied to successive stress profiles, and that errors in 
force estimates are unlikely to exceed 8%. 
Using this technique it was found that in non-degenerated lumbar motion segments, 
the compressive force resisted by the neural arch was less then 5% (Pollintine et al. 
2004b). However, in motion segments with severely degenerated and narrowed discs 
neural arch load bearing increased to 40% in the erect posture. Posture had a large effect 
on load distributions: compressive force was concentrated anteriorly in flexion and 
posteriorly in erect posture. 
6.2. Materials and methods 
6. ZI. Specimen preparation 
After the creep test (detailed description in Chapters 4 and 5) motion segments 
underwent a sequential cutting treatment. This involved resection of the apophyseal joints 
(AJ) for 16 specimens and subsequently, for 8 of these specimens, resection of the uncus 
(UN). 
Resection of the apophyseal joints started with an incision through the capsules 
between the surfaces of each joint using a scalpel (Figure 6.2). A hand saw was used for 
initial cutting of the superior and inferior articular surfaces of the apophyseal joints. This 
was finished using surgical pliers to remove the articular surfaces and part of the lamina, 
while leaving the spinous processes intact (Figure 6.3). 
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Figure 6.2 Tools used for sequential cutting of motion segments. 
APOPHYSEAL JOINTS Cl IT I 
Am-wwmý 
cutting the apophyseal joints (pink) and uncus (green); BOTTOM: pieces of uncus, cut during the 
experiment, put together with the vertebra after testing. 
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UNCUS 
INTERVERTEBRAL FORAMEN 
Figure 6.4 Example of an oblique x-ray (computer processed) of an intact C45 specimen (M77), used for 
assessment before the uncus was cut (red dashed line indicates line of cutting). 
Resection of the uncus was performed based on oblique x-rays of each motion 
segment (Figure 6.4). A small hand saw was used to cut the uncus from both sides of the 
lower vertebra. This tool allowed an approach from the intervertebral foramen. Cutting 
was continued until the appearance of articular cartilage was noted. A scalpel cut was 
made along the surface of the uncus to allow its removal (Figure 6.3). 
One CM specimen (M79) was tested with a different sequential cutting procedure. 
The uncus was resected immediately after creep, and the apophyseal joints were removed 
afterwards. This was to check if the sequence of cutting had a marked effect on results 
obtained. 
6.22 Measurement setup 
A detailed description of the equipment used during tests is given in Chapter 2. 
6.23. Stress profilometry 
Stress profiles were obtained as described in Chapter 2. Flexion and extension 
angles were applied in the manner described in Chapter 3. 
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For all stages of the experiment the same, loading condition were applied. Twelve 
specimens were loaded at 200 N. Due to a danger of damaging the needle transducer, four 
old specimens were loaded at 100 N. 
6.24. Evaluation offorces 
Evaluation of the percentage load transferred through the disc was done using 
Pollintine's integration technique, implemented as an EXCEL macro. The program 
calculated the compressive force acting on the anterior and posterior halves of the disc 
using data from the vertical stress profiles. However, the normalisation procedure 
described above was not followed, because of uncertainty over whether cervical discs 
resist 100% of the compressive force applied to them in any posture. Instead, 
compressive forces calculated to act on the disc were compared to the largest force acting 
on that disc in the same posture. 
Percentage changes in load transfer through the disc after sequential cutting were 
calculated in relation to the maximum compressive forces evaluated a) before creep, and 
b) after the last stage of experiment (after creep). 
Percentage load sharing between the anterior and posterior parts of the disc was 
calculated for each stage of the experiment and related to the total force acting on the disc 
at each stage of the experiment. 
6. Z5. Statistical analysis 
Percentage loads transmitted through the disc and neural arch at different stages Of 
the experiment were analysed using repeated measures ANOVA with 13onferroni 
correction. 
Percentage load sharing between the anterior and posterior halves of the dis' at 
different stages of the experiment were analysed using repeated measures ANOVA "Vith 
Bonferroni correction. Comparisons between anterior and posterior percentage 
load 
sharing (FA and Fp) were examined using paired two-tail Nests. 
Statistical analyses were performed using the SPSS version 11.5 for Windows. 
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6.3. Results 
6.3.1. Apophysealjoints 
In neutral posture the calculated maximum load transferred through the disc before 
creep (BC) was equated to "100%". Creep (AC) resulted in an average 14% load transfer 
to the neural arch (Table 6.1, Figure 6.5). After apophyseal joints resection (AJ) a further 
2% of load was transferred to the remaining part of the neural arch. so the disc (and 
uncus) then resisted an average 84% of the applied load. Both changes were statistically 
significant from before creep. 
Table 6.1 Load transmitted through the disc after sequential treatments, fiar different postures - average 
percentage values (SEM). 
Posture Flexion t Neutral t Extension 
No 16 16 16 
BC 100.0 (0.0) 100.0 (0.0) 1()(). 0 
AC 95.1 (3.2) ý86.0 (3.3) 75.5 (5.4) 
AJ 92.9 (4.2) A 83.7 (3.9) 89.4 (4.8) 
t significant repeated measures ANOVA p<0.002, ^ significantly 
different from BC p<0.005 
BC - before creep, AC - after creep, AJ - after apophyseal joints 
resection 
Influence of posture on load sharing between disc and neural 
amb 
120 
- 100- f. 0 
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Figure 6.5 Percentage load transmitted through the disc according to posture for successive treatments - 
average values (SEM), n= 16. The remaining load was assumed to be resisted by the neural arch. 
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In flexion the calculated maximum load transferred through the disc before creep 
was again equated to 100%. Creep caused load transfer to the neural arch of only 5%, and 
apophyseal joints resection a further 2%. These changes were not statistically significant. 
In extension the calculated maximum load transferred through the disc before creep 
was also equated to 100%. Creep resulted in 25% load transfer to the neural arch, and the 
change was statistically significant. After apophyseal joints resection, 14% of load had 
been transferred back to the disc, so the disc resisted 89% of applied load. 
Load sharing between the anterior and posterior parts of the disc in the neutral 
posture were variably affected by the treatments (Table 6.2, Figure 6.6). Before creep, 
load transfer through the disc was approximately 50% on each half. This changed very 
slightly after creep with the anterior part of disc resisting 51% and the posterior part 49% 
of the load transferred through the disc. After apophyseal joints removal, the load 
transferred through the anterior half of the disc decreased to 48% and for posterior part 
increased to 52%. These small differences were not statistically significant. 
Flexion caused the anterior half of the disc to resist 58% of disc loading. This 
increased to 62% after creep, and remained at 62% following removal of the apophyscal 
joints (Table 6.2, Figure 6.6). If the three stages of the experiment are considered together, 
differences in anterior and posterior disc load-sharing were statistically significant, but 
successive treatments did not show significant influence on load sharing. 
Table 6.2 Load sharing between anterior (AP) and posterior (PP) halves of the disc for different postures - 
average percentage values (SEM). 
Posture Flexion Neutral 'Extension 
No 16 16 16 
t 
AP[%] A58.2 (2.9) *49.9 (4.2) $43.8 (4.5) 
BC 
PP [%] 41.8 (2.9) *50.1 (4.2) *56.2 (4.5) 
* 
AP [761 "A62.2 (3.0) "50.6 (3.6) ", *-39.1 (4.9) 
AC 
PP [%] "37.8 (3.0) "49.4 (3.6) "60.9 (4.9) 
1 
AP[%] "A62.3 (3.4) "48.3 (4.1) "A39.0 (4.4) 
AJ 
pp [%] "37.7 (3.4) "51.7 (4.1) "61.0 (4.4) 
t significant repeated measures ANOVA p<0.05; * significantly different from 
Nxion p<0.01; " postures different from each other p<0.005; Asigniricantly 
different from PP p<0.05 (two-tail paired t-test) 
BC - before creep, AC - after creep, AJ - after apophyseal joints resection 
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Influence of posture on load transfer through the anterior 














Figure 6.6 Percentage of disc load-bearing by the anterior half (AP) and posterior part (PP) according to 
posture, following successive treatments - average values (SEM). 
Extension caused the anterior half of the disc to resist 43% of disc loading. This 
decreased to 39% after creep, and remained at 39% following removal of the apophyseal 
joints (Table 6.2, Figure 6.6). Differences between the anterior and posterior halves of the 
disc for both stages of experiment were significant. Also successive treatments showed 
statistically significant changes in load transfer through anterior or posterior halves. 
Overall, posture had a statistically significant influence on load-sharing between the 
anterior and posterior halves of the disc at all stages of the experiment. Before-creep 
values for neutral posture and extension were significantly different from flexion. After 
creep and after apophyseal joints resection, load-sharing differed significantly in all three 
postures. 
6.3. Z Uncus 
In neutral posture load transfer through the disc was calculated relative to an 
assumed 100% before creep (BC). Creep (AC) reduced this by 12.4% presumably 
because of load transfer to the neural arch (Table 6.3). Note that all values in this table 
refer to only the eight specimens which had the uncus removed (unlike Table 6.1). After 
apophyseal joints resection (AJ) a further 10% of load was transferred to the remaining 
part of the neural arch or uncus, so that the disc resisted 76% of applied load. This was 
significantly less than before-creep values. Uncus resection (UN) significantly increased 
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load-bearing by the remaining (central) strip of disc from 76.4% to 101.7% of initial 
values, indicating that, in neutral posture and after creep, the uncus resisted 25.3% of 
applied compressive loading. 
In flexion the calculated maximum load transferred through the (central) disc was 
after uncus resection. This procedure increased disc load-bearing by 21.7% (from 78.3 to 
100%: Table 6.3), again suggesting a substantial load-bearing role for the uncus in flexed 
posture. Creep decreased disc loading by 3.4%, suggesting some minor load transfer to 
the neural arch or uncus. However, apophyseal joints resection had little effect, 
suggesting that they do little to resist compressive loading in flexed posture. 
in extension the calculated maximum load transferred through the disc was before 
creep. Creep significantly reduced disc loading, by 27%, presumably by transferring load 
on to the neural arch and uncus. Apophyseal joints resection significantly increased disc 
loading, by 9.4%, suggesting that this much load was resisted by the apophyseal joints in 
extension following creep. Uncus resection further and significantly increased disc load- 
bearing by another 17.3% suggesting that the uncus is substantially load-bearing in 
extension also. 
Table 6.3 Load transmitted through the disc after sequential treatment for different postures - average 
percentage values (SEM). 
Posture tFlexion tNeutral tExtension 
No 8 8 8 
BC [%] 82.6 (7.6) 100.0 (0.0) 100.0 (0.0) 
AC $79.2 (5.4) 87.6 (4.6) A 72.8 (7.1) 
AJ *78.3 (5.6) A*76.4 (5.5) *82.2 (5.3) 
UN 100.0 (0.0) 101.7 (9.6) 99.5 (7.0) 
t significant repeated measures ANOVA p<0.02; ^ significantly 
different from BC p<0.05; * significantly different from UN p<0.05 
BC - before creep, AC - after creep, AJ - after apophyseal joints 
resection, UN - uncus resection 
Load sharing between the anterior and posterior halves of the disc was unaffected, 
in neutral posture., by creep or apophyseal joints removal (Table 6.4, Figure 6.7). (Tbis 
results refers to only the eight specimens which subsequently had the uncus removed. ) 
Load transferred through the anterior half of the disc was about 52% and posterior 48%. 
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This changed slightly after uncus resection to 47% and 53% respectively. Load-sharing 
between anterior and posterior halves of the disc were not significant following any of the 
treatments. 
In flexion, percentage load-bearing by the anterior half of the disc increased after 
creep and after apophyseal joints removal, from 61% to 64.8% to 67%. These differences 
were statistically significant. Uncus resection reversed these changes, restoring more 
load-bearing to the posterior half of the disc. 
Opposite changes were seen in extension: percentage load-bearing by the anterior 
half of the disc decreased after creep and after apophyseal joints removal, from 47.4% to 
45.1% to 43.0%, although these differences were not significant. Uncus resection had 
little effect. 
Overall, posture had a significant influence on load-sharing between the anterior 
and posterior halves of the disc at all stages of the experiment (i. e. before creep, after 
creep, after apophyseal joints resection, and after uncus resection). 
Table 6.4 Load sharing between anterior (AP) and posterior (PP) halves of the disc after successive 
treatments - average percentage values (SEM). 
Posture Flexion Neutral Extension 
No 8 8 8 
I AP 61.0 (5.2) 52.3 (7.0) *47.4 (6.5) BC 
PP 39.0 (5.2) 47.7 (7.0) *52.6 (6.5) 
I AP[%] A64.8 (5.2) 52.2 (6.1) *45.1 (6.5) AC 
PP [%] 35.2 (5.2) 47.8 (6.1) *54.9 (6.5) 
*AJ AP [%] "A67.0 (5.9) "52.8 (5.5) "43.0 (6.1) 
PP [%] "33.0 (5.9) "47.2 (5.5) "57.0 (6.1) 
t 
1 
AP[%] 61.4 (5.4) *47.2 (4.1) *42.6 (4.6) 
UN 
PP [%] 38.6 (5.4) *52.8 (4.1) *57.4 (4.6) 
t significant repeated measures ANOVA p<0.005; * significantly idfferent from 
flexion p<0.05; " postures different from each other p<0.02 A significantly 
different from PP p<0.05 (two-tail paired West) 
BC - before creep, AC - after creep, AJ - after apophyseal joints resection, UN - 
uncus resection 
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Influence of posture on load transfer through the anterior 













BC AC AJ UN 
Stage of experiment 
Figure 6.7 Percentage of disc load-bearing by the anterior half (AP) of the disc according to posture, for 
successive treatments - average values (SEM), n=8. The rest was resisted by the posterior half. 
6.3.3. Individual stress profiles 
The variable effects of successive treatments (especially after apophyscal 
joints 
resection) can be appreciated from Figure 6.8 and Figure 6.9. Also the effect of Posture 
on stress profiles can be seen in Figure 6.9, Figure 6.10. and Figure 6.11. 
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Figure 6.8 Influence of treatments on vertical stress profiles in neutral posture for a moderatelY 
deg enerat, 
disc (grade 2). 
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Figure 6.10 Influence of treatments on vertical stress profiles in flexion. Compare with profiles for the 
same disc in neutral posture (Figure 6.9) and extension (Figure 6.11). 
M77 C45 grade3,01 Vertical 20ON 
M 77 C45 grade3, +4.50 Vertical 20ON 
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M77 C45 grade3, -4.5' Vertical 20ON 
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Figure 6.11 Influence of treatments on vertical stress profiles in extension. 
6.3.4. Load sharing in the M79, CM specimen 
This particular specimen was tested with a different sequential cutting procedure. 
The uncus resection was done after the creep test, and the apophyseal joints were 
removed afterwards. 
In neutral posture, creep reduced the force transmitted through the disc from 100% 
to 64%. Uncus resection in effect increased it to 73%, and apophyseal joint resection 
further increased it to 79%. The effect of uncus removal was similar to that shown in 
Table 6.3, when the order of cutting was different. Results for this specimen indicate that 
the apophyseal joints and uncus both resisted compressive loading in neutral posture. 
Contrasting results were obtained in five degrees of flexion. The load transmitted 
through the disc decreased after creep to 82%, suggesting load-transfer to the apophyseal 
joints or uncus. However, removal of the uncus reduced the disc load to 78% and 
apophyseal joints resection further reduced it to 71 %. 
In five degrees of extension there were dramatic changes. Calculated maximum 
force on the disc occurred at the end of the experiment, after apophyseal joints removal. 
Before creep force transmitted through the disc was only 53%. Creep reduced disc 
loading to 34%, and uncus resection further reduced it to only 19%. E. vidently, the 
apophyseal joints can play a major load-bearing role in some specimens, especially in 
extension. 
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Figure 6.12 Influence of treatments on vertical stress profiles in neutral posture for a degenerated disc 
(grade 3). 













Figure 6.13 Influence of treatments on vertical stress profiles in flexion. Compare with profiles for the 
same disc in neutral posture (Figure 6.12) and extension (Figure 6.14). 
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Figure 6.14 Influence of treatments on vertical stress profiles in extension. 
6.4. Discussion and conclusions 
Knowledge of the contribution of particular structures in the cervical spine to load 
bearing is very important. It can reveal the mechanical function of each structure, explain 
mechanisms of adaptive changes in the tissues of the cervical spine, and suggest which 
structures are most likely to be injured. 
The stress integration technique has been extensively evaluated as a method for 
analysing load sharing in the lumbar spine (Pollintine et al. 2004a, b). Under conditions 
when the neural arch was not expected to be load-bearing O. e. before creep and in neutral 
posture) output of the stress integration model was closely proportional to the 
compressive force actually applied (r2>0.96). Under these circumstances, the stress 
integration technique is reproducible when applied to successive stress profiles, with 
errors unlikely to exceed 8%. However, for reasons discussed above, the output 
consistently overestimates the applied force by approximately 30%. In subsequent 
experiments, Pollintine et al. (2004b) divided the stress integration output by a correction 
factor to allow for these effects. The average correction factor for lumbar discs was 1.37. 
In the present study, disc loading was normalized separately for each posture because 
little is known about cervical load-sharing, and it could not be assumed that the correction 
factor itself would not vary with posture. 
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In all three postures, creep resulted in reduced loading of the central region of the 
disc which is represented in the stress profiles (Table 6.1). This indicates that creep 
transfers approximately 5- 25% of compressive load-bearing from the disc to the 
apophyseal joints and/or uncus, with the low value referring to flexion, and the high value 
to extension. Subsequent removal of the apophyseal joints increased disc load-bearing by 
14% (Table 6.1) confirming that, in this posture, the apophyseal joints had resisted 
approximately this proportion of the compressive force following creep. In an individual 
specimen, apophyseal joint load-bearing appeared to exceed 50% (Figure 6.14). However, 
apophyseal joint load-bearing occurred only in extension: in neutral and flexed posture, 
apophyseal joint resection marginally decreased disc pressure, suggesting a minimal load- 
bearing role for the apophyseal joints in these postures, even following creep. These 
findings are broadly consistent with Ghanayem et al. (1998) for flexion, but less so for the 
neutral posture. Increased load-bearing by the apophyseal joints in extension has been 
reported previously for the lumbar spine by Dunlop et al. (1984), and load-bearing in old 
specimens can exceed 50% in extension, and following creep (Pollintine 2004b). Overall, 
the present study indicates that compressive load-bearing role of the cervical apophyseal 
joints is similar to that seen in the lumbar spine. 
Subsequent resection of the uncus increased disc loading, by between 17-25% 
f- kiLesults for 8 specimens, Table 6.3). The effect was least in extension posture, suggesting 
that the uncus plays a slightly greater role in compressive load bearing in the flexed and 
neutral postures. Evidently, the uncus is a major weight-bearing structure (at least after 
creep loading). Unlike the apophyseal joints, its load-bearing role does not depend greatly 
on posture. Previous experiments by Kotani et al. (1998) showed that, in flexion, the 
uncus primarily contributes to bending stiffness, especially at upper cervical levels (C34). 
In extension, its resistance was similar at both upper and lower cervical levels. 
Small decreases in disc loading in neutral and flexed postures following apophyseal 
joints removal (Tables 6.1 and 6.3) can not readily be explained. These joints resist 
anterior shearing movements of vertebrae, and it is possible that their removal allows 
small anterior movements of cervical vertebrae which increase load-bearing by other 
structures such as the uncus or spinous processes. The effect is not seen in extension. 
Unusual results may reflect unusual anatomy: the single specimen tested in reverse order 
(Section 6.3.4) was from the C7TI level, where the uncus has a reduced size and occupies 
only the dorsal region of the disc (McMinn 1995, Penning 1988). It might have been 
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expected that uncus resection in this specimen would have transferred loading to the disc 
in extension, but effectively it appears to have been transferred to the apophyseal joints 
instead (Figure 6.14). 
Load-sharing between the anterior and posterior halves of the disc were affected 
only slightly by creep and sequential cutting (Table 6.2 and 6.4). However, this intra- 
discal load-sharing was affected greatly by posture. Flexion and extension tend to 
concentrate loading in the anterior and posterior halves of the disc, respectively, and the 
effects increase following creep loading (Table 6.2). 
These load-sharing results are all fairly consistent with previous work on the lumbar 
spine by Pollintine et al. (2004a). They found that in flexion, regardless of disc 
degeneration, load transfer through the disc was 97-98%. In extension it was decreased to 
98% and 60% for non-degenerated and severely degenerated discs respectively, as 
loading of the neural arch became substantial (Pollintine et al. 2004a). In flexion they 
found only small differences between load-bearing by the anterior and posterior halves of 
lumbar discs, even when degenerated. In extension they found for non-degenemted discs 
that the anterior half resisted 48%, but for severely degenerated discs it was only 32%. 
Smaller variations were seen in the present study in cervical discs, but this could be 
because they were tested in only moderate angles of flexion and extension. 
One of the limitations of this study is the number of specimens tested, especially for 
data concerning uncus removal. Another problem might be the variable loading, which 
was 100 N rather than 200 N for four of the eight specimens that had uncus resection. 
This was a precaution undertaken to avoid damaging old bones or the pressure sensor, and 
the effects are unlikely to be large because stress profiles appear to simply "scale upýl with 
increasing load (Figure 2.12). Future work should focus on the role of the uncus, and the 
possible consequences of translational movements following apophyseal joints removal. 
It should also involve a wider age-range of specimens. 
Following creep loading, compressive load-bearing by the cervical spine is shared 
between the disc, uncus and apophyseal joints. In extension, the apophyseal joints and 
uncus each resist approximately 13-15%. In flexion and neutral posture, the uncus rcsists 
22 - 24% and the apophyseal joints resist little. Apophyseal joints removal can a1tcr load- 
bearing by other structures, possibly by allowing some anterior shearing movement 
between cervical vertebrae. 
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Chapter 7. Summary and conclusions 
7.1. Introduction 
The aim of this thesis is to understand the internal mechanical functioning and creep 
behaviour of cervical discs, and how they are affected by spinal level, gender, disc 
degeneration, and age. Mechanical differences between cervical and lumbar discs will be 
interpreted in terms of their anatomical and morphological differences. 
Knowledge of the internal mechanical functioning of cervical discs can help us to 
understand dysfunction and pain in degenerated discs, and provide a basis for realistic 
mathematical models. Knowledge of the contribution of discs, apophyseal joints, and 
uncovertebral joints to load bearing, can help to explain mechanisms of adaptive changes 
in the tissues of the cervical spine, and suggest which structures are most likely to be 
injured. 
7.2. Summary of main findings 
In the first experiment, twenty-seven cadaveric cervical motion segments, from 
levels C23 to C7T1 and of average age 65 yrs (range 48-89 yrs), were tested in the 
neutral posture under a static compressive load of 200 N. Stress profiles were obtained by 
pulling a needle-mounted pressure transducer through the mid-sagittal diameter of the 
intervertebral disc. Stress profilometry revealed characteristic "stress" distributions within 
cervical intervertebral discs. Measured stresses were proportional to applied load. 
Average stresses in the nucleus were inversely proportional to endplate area, and so 
decreased consistently at lower cervical levels as endplate area increased. Stress profiles 
at levels C23 and C34 differed from those at levels C67 and C7TI. Apart from 
differences which could be attributed to size, upper cervical discs showed relatively 
greater stresses in the nucleus, and less variation in stress between anterior and posterior 
annulus. Upper cervical discs often showed distinct antero-posterior "stress" gradients 
within the nucleus. At lower cervical levels, anterior annulus stress peaks were often 
present, even in the neutral posture and when the discs were non-degenerated. Stress 
profiles from levels C45 and C56 were intermediate in character. The functional nucleus 
width (expressed as a percentage of disc diameter) was greatest at level C7Tl where it 
was 12% higher than at C23. Average nucleus "stress" was 32% lower for males than for 
females but this could have been explained by size. Disc degeneration reduced nucleus 
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width, and nucleus stress was lowest for grade 4 discs. Non-degenerated discs exhibited 
even stress distributions over large distances. Stress in the nucleus pulposus of 'younger' 
discs (age : 565 yrs) was 14% higher than in 'older' discs (age >65 yrs), whereas stress in 
the anterior annulus was 10% higher in 'older' discs. 
The second experiment investigated the effects of posture on stress distributions 
within cervical intervertebral discs. Maximum stresses in the anterior annulus were 
increased when specimens were flexed, but this effect was not apparent at levels C56 and 
C67 and for the two most degenerated discs. Large anterior stress peaks often occurred in 
flexion at lower levels, especially at C7TL In extension, the posterior annulus maximum 
stress was increased at all levels for male specimens and at C45 and C7TI levels for 
female specimens. Nucleus stress generally increased both in flexion and extension 
(compared to neutral) but this was not apparent at mid-cervical levels, or for the most 
degenerated discs. The functional nucleus showed stress gradients which changed with 
posture, especially in older and more degenerated discs. Extension significantly reduced 
the postero-anterior width of the filrictional nucleus compared to neutral posture. 
Extension caused only moderate stress increases in the posterior annulus, even at the 
C7TI level. Old and degenerated cervical discs showed lower stresses in the nucleus and 
anterior annulus when loaded in extension (compared to neutral). However, younger discs 
showed increases in measured stresses in these regions in extension. 
in the third experiment forty-one cervical motion segments were subjected to a 
constant compressive load of 150 N for 2 hrs, to simulate diurnal loading in-vivo. Creep 
reduced disc height in the creep phase by an average 9%. Strain/time curves were fitted 
using a three-parameter viscoelastic model, which showed an excellent fit (r'=0.98). The 
compressive stiffness of the drained matrix (131) showed only very small differences 
according to gender, degeneration or aging, and decreased steadily from level C23 to C67. 
The initial (elastic) compressive stiffness of the wet matrix (E2) was significantly grcatcr 
at C23 compared to C56 and C7TL It was higher for female disc specimens and for 
younger discs (age <70 yrs). Viscosity ill decreased with increasing degeneration and age. 
The stiffness ratio E2/El was lower for male specimens, decreased with increasing age, 
and was least in the most degenerated discs. The creep rate E2/711 was greater in older and 
more degenerated discs. Creep duration affected all evaluated parameters, and so 
presented results may not be valid for creep times longer than 2 hrs. 
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In the fourth experiment, stress Profilometry was repeated after creep in twenty-five 
cervical specimens from Experiment 3. The stress profilometry technique was able to 
measure 6(stress" even after creep loading: transducer output within the dehydrated disc 
was proportional to compressive loading of the disc, and both linearity and sensitivity 
were similar to before-creep values. Creep had little effect on the width of the functional 
nucleus. In neutral posture, stress distributions were similar to those before creep 
although maximum stresses were reduced. In extension, stresses in all regions of the disc 
(and at all cervical levels) were reduced following creep. Stress reductions in degenerated 
discs following creep were greater than in non-degenerated or moderately-degenerated 
discs, in all postures. In severely degenerated discs, creep resulted in less even stress 
distributions, with marked reduction in stress in the nucleus and anterior annulus, 
especially in extension. 
In the last experiment, load sharing between cervical discs, neural arch, and 
uncovertebral joints was evaluated, by effectively integrating stress profiles over area to 
calculate the total compressive force acting on the disc (after creep loading). Sixteen 
motion segments were investigated before and after apophyseal joints resection, and eight 
of these were tested again following uncus resection. Creep reduced overall disc loading 
by 14% in neutral posture and by 25 % in extension. Apophyseal joints removal increased 
disc loading in extension by 14% but its effect in other postures was not significant. 
Subsequent uncus resection further increased disc loading by 28% in flexion, 33% in 
neutral posture, and 21% in extension. Load transferred through the anterior half of the 
disc was affected by posture, ranging from 40% in extension to 60% in flexion. 
7.3. Interpretation of results 
The stress profilometry technique is an excellent tool for revealing stress 
distributions within cervical intervertebral discs in different postures and after successive 
treatments. Although it is an invasive technique, it shows very good reproducibility in 
cervical discs, even after creep loading. Stresses measured in cervical discs exhibited high 
linearity with applied load. These findings are consistent with previous work by Cripton 
et al. (200 1), who used a larger transducer to record pressure from the nucleus only. 
Higher stresses found in C23 discs in comparison to lower cervical discs reflect 
increased cross-scetional area in the lower cervical spine, and are consistent with previous 
work by Wigficld et al. (2001 and 2003) on multi-level specimens. Gender differences 
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also can probably be attributed to the cross sectional area, because male cervical 
endplates are larger than female (Francis 1995). 
The limited effects of disc degeneration on stress distributions in cervical discs 
could be attributed to the small number of non-degenerated grade I discs tested, and also 
to the need to test discs that have sufficient height to pull the needle-mounted pressure 
transducer through them without damaging the sensing element. This prevented us from 
testing severely narrowed discs. 
Previous investigations of the internal functioning of lumbar discs (Adams et al. 
1996b) showed that they have a large functional nucleus, and that peaks of compressive 
stress normally appear in the annulus, especially posterior to the nucleus. Differences 
between lumbar and cervical discs are probably attributable to the cervical discs having a 
more fibrous nucleus, which appears able to equalise stress in different orientations, but 
not over large distances. Cervical discs also have a crescent-like annulus which is very 
thin posteriorly. The role of the cervical Posterior annulus is probably limited to resisting 
tension rather the compression. Compression in the cervical spine is more likely to be 
resisted by the uncus and apophyseal joints, rather than by the posterior annulus. In 
comparison to lumbar discs, stress profiles at the upper level C23 differed more than 
those at C67 and CM. This could be attributable to the greater load-bearing at lower 
cervical levels which gives these discs a more similar function to lumbar discs. However 
lumbar discs do not generally exhibit large anterior annulus stress peaks in the neutral 
posture, as seen in many cervical discs. These anterior peaks may arise in cervical discs 
because of reduced resistance to compression from the neural arch and posterior annulus, 
or because the cervical anterior annulus is thinner than the lumbar, and so less able to 
deform and equalise loading. 
Posture influences the stress gradient in the nucleus of cervical discs, suggesting 
that deformation of the disc reduces the ability of nucleus tissue to equalize stress over 
long distances. This could be due to flexion and extension reducing the 'slack' in collagcn 
flbres in the nucleus, inhibiting small movements of tissue that would, in the neutral 
posture, help to equalize stress. Flexion/extension relationships in cervical discs show 
important differences with lumbar discs, possibly reflecting morphological differences. 
Lumbar discs have a relatively thick posterior annulus fibrosus which often shows high 
stress concentrations in extension (Adams et al. 2000). In cervical discs, extension causcs 
only moderate stress increases in the posterior annulus, even at CM. This difference 
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could be attributable to the posterior annulus being very thin in cervical discs so that it 
acts to resist tension in flexion rather then compression in extension. This investigation 
shows that morphological differences between cervical and lumbar discs have to be taken 
seriously into account in modelling cervical intervertebral discs. 
The three-parameter model predicts well the compressive creep response of cervical 
intervertebral discs. Evaluated parameters were affected by the duration of creep in 
various ways. This is probably because the material properties represented by these 
parameters depend on the water content of the tissue, which in turn affects properties such 
as permeability and stiffness. 'Mis time-dependence makes it difficult to compare the 
creep results with data from other experiments. However, if data from these other papers 
are compared with data from the current experiment evaluated at similar time points, then 
errors are minimised. It can then be seen that cervical discs have higher stiffness ratios 
than discs from lumbar and thoracic regions. Differences in creep rate are not consistent, 
but they vary slightly in comparison to other spinal regions. Regional differences in disc 
creep could be due to differences in chemical composition (which have not been 
described) or to differences in gross anatomy. The uncus of cervical vertebrae can play an 
important role in load bearing and so could influence creep. The uncus is absent in 
thoracic and lumbar regions. 
The creep regime was arbitrary, because there are no in-vivo data on diurnal 
variations in cervical disc height with which to compare height loss in-vitro. 150 N for 
2 hrs may not have been sufficient to simulate height and fluid loss over the whole day 
in-vivo. Specimen height loss was only 9% of disc height, on average, and it is known that 
lumbar discs in-vivo show a diurnal height variation of 20% (Botsford et al. 1994). The 
loss in nucleus pressure, especially in extension posture and in older/degenerated discs, 
can be explained by load transfer to the neural arch and uncus. The small effect of creep 
on the width of the functional nucleus is similar to findings in the lumbar spine (Adams et 
al. 1996a) and suggests that moderate water loss is not sufficient to prevent fluid-like 
behaviour of the nucleus. Also it confirms that cervical motion segments are well adapted 
to withstand sustained compressive loading, with concerted resistance coming from 
adjacent structures as the resistance of the nucleus diminishes. 
Apophyscal joint load-bearing was significant only in extension and following 
creep, indicating that the compressive load-bearing role of the cervical apophyseal joints 
is similar to that seen in the lumbar spine (Adams ct al. 1980, Dunlop et al. 1984). In 
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contrast, the load-bearing role of the uncovertebral joints (after creep) does not depend 
greatly on posture: evidently their function is to help resist compression, as well as to 
contribute to bending stiffness (Kotani et al. 1998). One of the limitations of this study is 
the number of specimens tested, especially for data concerning uncus removal, and so it is 
not possible to comment on how the mechanical function of the uncus might vary with 
spinal level, or age. I 
7.4. Suggestions for future work 
Future work should include the investigation of a larger number of non-degenerated 
and severely degenerated discs, as this was a limitation of the present study. Also more 
specimens from the middle spine should be studied to determine whether they function in 
a manner intermediate between upper and lower levels, or whether they have peculiar 
properties of their own. 
The specific influence of apophyseal joints and uncus on disc creep should be 
considered. Also, the amount of vertebral body creep should be investigated to assess its 
contribution to the creep of whole motion segments. 
Because of the more fibrous structure of cervical intervertebral discs, tensile tests 
should be performed on small samples of tissue from the nucleus as well as from the 
annulus. An evaluation of how tensile properties are distributed along the sagittal 
diameter of cervical discs could help to explain some of the unusual distributions of 
compressive stress in cervical intervertebral discs. 
Further analysis of strain/stress curves from creep tests should be perfon-ned using a 
fluid-transport creep model (Cassidy et al. 1990b). This model might be better able to 
explain differences in creep between spinal levels and age groups than the three. 
parameter model used in the present experiments. 
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